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Strain Test for Evaluation of Rubber Compounds’ 
By Frank L. Roth and Robert D. Stiehler 


Measurements of elongation of rubber vulcanizates at a fixed stress have been made 
with a precision much greater than can be obtained in the usual measurements of stress at a 
specified elongation. Such measurements form the basis of a strain test developed to charac- 
terize rubber vuleanizates in control and research testing. Statistical analyses show that 
the errors introduced in the actual strain measurements are negligible compared to those 
introduced by variations during compounding and curing, whereas the errors introduced by 
the usual measurements of stress at a specified elongation are of the same order of magnitude, 
The high precision of strain testing has been used to detect variations within a single sheet of 
vuleanized rubber and variations among sheets cured from the same compounded batch, 
It has also been possible to determine with a single sheet its change in stiffness or modulus 
with age. The uniform treatment of specimens in the strain test makes them particularly 
useful for precise measurements of set. Further, it has been found that the decrease in 
elongation with time of cure apparently follows the laws of a second-order chemical reaction, 
and consequently it is possible to represent the data by an equation involving three vuleani- 


zation parameters 


I. Introduction tests made in late 1944 on vulcanizates of X—-125 

GR-S and in 1945 on vulcanizates of natural 

The inherent variability of measurements for rubber at the Instituto Agronomico do Norte in 

letermining the stress-strain properties of vulean- Belem, Brazil [3] confirmed this suggestion. In 

wid rubber is notorious. It has been customary the development of this test, strain measurements 

o ascribe the cause of the variability entirely to for the evaluation of vulcanized rubber have been 

lw rubber. This allegation may be largely true found to yield information that has not been 

the case of stress and elongation at failure, but revealed by the usual stress-strain measurements. 

weasurements by means of the strain test definitely ; 

how that the measurements are responsible for a II. Procedure 


hrge portion of the observed variations of points In tt é ; 
the cliemnateain cusve balow talbese. n the strain test, a predetermined load is ap- 
since the advent of the Government Synthetic 


ibber Program in 1943, there has been an in- 


plied to a specimen and the elongation is measured 
after the load has been applied for a specified time. 
ensified effort to improve the precision of stress- The load is selected to produce a specified force 
rain testing. Measurements of the stress-tem- Pet unit of cross-sectional area of the unstretched 
specimen. 

The early tests were performed with extremely 
simple equipment that required manual applica- 
tion of the load to a standard dumbbell-shaped 


vrature relationships for pure gum vulcanizates 
(GR S and natural rubber by Roth and Wood 
). 2|° suggested that the precision and accuracy 


stress-strain measurements might be greatly ; 
specimen having a reduced section 2 in. long. 


Most of the data reported here, however, were 
obtained by means of a tester developed by Holt, 


uproved by measuring the elongations of rubber 
ecimens suspending predetermined loads. Strain 


| before the Division of Rubber Chemistry at the 113th Meeting Knox, and Roth [4]. This tester is designed to 
me Cnaien Seaety, Cape, SS. minimize the number of manual operations and 


brackets indicate the literature references at the end of this 4 “ 
. thereby to reduce the number of subjective errors. 
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These authors also describe the preparation of the 
test specimens and the measurement of their thick- 
ness, in addition to the measurement of strain at 
the specified stress. Strip specimens approxi- 
mately '; in. wide and 6 in. long are used, since 
specimens with enlarged ends are not required for 
this test. These specimens can be cut from the 
standard 6 by 6 by 0.075-in. test sheet and permit 
the distance between bench marks to be increased 
to improve precision. The bench marks are 
spaced 10 em. apart, so that elongations can be 
read directly by means of a millimeter seale. 

In early experiments, a stress of 1,000 _ psi 
(pounds per square inch) was used for vulcanized 
specimens of GR-S and GR-I prepared according 
to the Specifications for Government Synthetic 
Rubbers [5]. In the course of development of 
the method, the stress has been reduced in several 
steps to 400 psi which is employed at present for 
vuleanized tread-type compounds. The stress of 
100 psi was selected because it is in the region 
where the ratio of elongation to stress attains a 
maximum value. A stress of 100 psi has been 
selected for gum vuleanizates of natural and other 
rubbers in order to avoid effects of crystallization. 
The stress of 100 psi can also be used for studying 
gum vuleanizates of GR-S. 

For control testing and many research purposes, 
stresses of 100 to 400 psi are sufficient. Accord- 
ingly, the tester developed by Holt, Knox, and 
Roth [4], is provided with weights for applying : 
stress of 100, 200, or 400 psi. Stresses lower than 
100 psi can be used, provided the elongation is 
above 50 percent. Minor modifications in the 
apparatus or procedure are necessary in order to 
measure precisely lower elongations. Stresses 
higher than 400 psi are obtained by suitable ad- 
justment of the weights and are limited only by 
the strength of the specimen or the limiting exten- 
sion of the specimen by the tester. 

When the load is applied, the specimen elongates 
rapidly at first and then more slowly as time 
elapses. The precision of measurement increases 
as the rate of ereep decreases, thus observations 
can be made with greater precision as the time 
after application of the load increases. It is neces- 
sary, however, in a control test to keep the time 
for making a test at a minimum compatible with 
the requisite precision. 

Measurements have been made at various inter- 
vals between 10 sec and 10 min after application 
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of the load. These measurements indicat that 
the elongation of the specimen increases a) prox;- 
mately linearly with the logarithm of time. Fo, 
example, in figure 1, the increase in elonvatio, 


after the 10-sec reading is plotted against the logar- 





Wiis 


net 





ithm of time. The test specimens were prepared 
from GR-S according to the Specifications fo 
Government Synthetic Rubbers [5]. Vuleanizat, 
cured 25 and 90 min at 292° F were employed 
Specimens cured 25 min were tested with loads of 
both 100 and 400 psi to determine the effect o 
load. The specimens cured 90 min were tested 
only with a load of 400 psi. 

As can be seen in the figure 1, the rate of cree 
is approximately the same for the two loads 
whereas the rate of creep for specimens cured 
min is approximately one-third of that for thos 
cured 25 min. None of the natural or oth 
synthetic rubber vulcanizates investigated, 
cluding some without fillers, had a greater rat 
of creep than the GR-S ecarbon-black compound 
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Figure 1. Creep of GR-S specimens under tensile 
lhe creep is shown as the ditierence between the elongation at 
time and that at 10 seconds after application of the stress. TI 
rarithn 


cured 25 min at 292° F. In those cases w! 
crystallization occurred, the rate of creep Was 4 
maximum at intermediate loads. This pheno! 


non is in accordance with the observations [o! 
vuleanized natural rubber by Trelowr [6] anc 
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ized natural rubber by Field [7] and by 


HVildschut [8]. 


From these studies, a time interval of 60 see 
lected for making subsequent measurements, 
»bservations made between 56 and 64 see are 
error due to creep than to errors in determin- 
iw cross-sectional area of the specimen. With 
the itomatic timing of the tester designed by 
Holt. Knox, and Roth [4], it is possible to retain 
‘he same precision with shorter time intervals by 
educing the period permitted for observation by 
proportionate amount; that is, measurements 
ade between 28 and 32 sec are as precise as those 
made between 56 and 64 sec. The absolute value 
{the elongation, however, will be lower at 30 sec 
han at 60 see, as indicated in figure 1. 


III. Precision of Test 


lhe high precision of the strain test is achieved 
gely by measurement of the elongation under 
ily static conditions, instead of taking observa- 
ms as the specimen is being extended. This 
recision can be seen in table 1, which gives the 
sandard deviations among specimens from the 
me sheet of vuleanized rubber. The values 
present data obtained during the evaluation of 
ference lots of Government Synthetic Rubbers. 
With the exception of the values for X-125 GR-S, 
lich were obtained with 2-in. dumbbell specimens 
d manually applied loads, the standard devia- 
ms are essentially identical for all rubbers tested 
wing the past 3 years and are comparatively 
ill. Because these values are in units of elonga- 
on, they cannot be compared directly with those 
tensile stress. A comparison can be made, 
wever, by converting one into the units of the 
her. In table 2 the standard deviations for 
‘train are converted into equivalent stress values 
na compared with those for tensile stress as 
lows 
six sheets from the same compounded batch 
{f X-243 GR-S were cured for each of the times 
ndicated; 3 sheets of each cure were used for 
neasurements of tensile stress and three for those 
strain 
2. The tensile stress at 300-percent elongation 
Was measured on 6 specimens from each of the 3 
sheets; the elongation was measured on 18 speci- 
met rom each sheet, 6 at a stress approximately 
equ ent to the average tensile stress at 300- 
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ABLE | Precision of strain measurements 


Standard deviations of 


Num Strains for specimens 
rype of Date of ber of within a sheet 
rubber tests sheets Stress 
tested 
25 min min’ 90min’ 
pr Percent Percent Percent 
GR-S X-125 Dec. 1044 2 1, 000 7.4 7) 4.3 
X-179 Feb. 1945 22 1, 000 2.8 2.5 1.4 
X-224 July 1945 4 1, 000 1 2.4 1.7 
X-224 July 1945 of 1, 000 $8 2.2 1o 
X-224 July 1945 i) 1, 000 2 ¢ 20 1.9 
X-243 Dec. 1945 20 1, 000 3.3 1.7 1.8 
X-224 Apr. 1946 2 7h) 15 31 1s 
X-289 Apr. 1946 12 7) 2.0 3.2 1.2 
X -29 Jan. 1947 11 600 3.0 1.1 09 
X -346 Jan. 1947 21 600 3.0 1.5 s 
X -34¢ July 1947 Pal) 600 2. ¢ 2.2 1.4 
X -3SS7 July 1947 40 Hn 3.1 2.0 1.4 
X-2s7 Dee. 1947 16 aoo $2 l 1.8 
X 418 Dec. 1047 6 600 3.5 2.1 1.3 
X-4!2 Dec. 1947 0) 600 is 15 28 
X-41s8 Feb. 1948 os 1) 2. § 1.2 0.7 
20 min 19min ¢ 8Omin 4 
GR-I Y-100 Apr. 1945 v1) 1. 000 4.3 20 2.3 
Y-102 Jan. 1947 s 6) 1.7 15 1.3 
Y-103 Jan. 1047 16 Hw 1.6 1.1 1.2 
1d min lo min Amit 
GR-M (10 lots July 1946 2 Hon 4.1 2. § 2.2 
@ Used 2in. dumbbell-shaped specimens and applied load manua!!y 


lime of cure at 292° F 
Cured 100 min at 292° F 


4 Time of cure at 307° I 


percent elongation, 6 at a stress 50 psi lower, and 
6 at a stress 50 psi higher. The mean values for 
each of these properties are shown in the first 4 
lines of table 2. 

4. The standard deviations among specimens 
were calculated for tensile stress and for strain 
measurements and are given in lines 5 and 6 of 
table 2. The change in elongation produced by 
a change in stress of 1 psi were calculated from the 
strain measurements in lines 2 to 4 and are shown 
in line 7. The values of the standard deviations 
in line 6 were divided by the corresponding values 
in line 7 to obtain the equivalent standard devia- 
tions in units of stress shown in line 8. 

4. The ratios of the values in line 5 to those in 
line 8, given in the last line, indicate that the 
standard deviations for tensile stress measure- 
ments at 300-percent elongation are approximately 
2's times as large as the equivalent values for 
strain measurements. 

Another comparison of the precision of measure- 
ments made by these two methods of test is 
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Tarte 2 Comparison of precision of strain test with precision of usual tensile stress test hee 


rene 
Compounds of X-248 GR-S vuleanized n st 
aniiZ 
Linn Test Statist ic 25 min at 202° F M) min at 202° F 90 min at 292 
In 
Stress Stram Stress Stra Stress : omp 
trai 
pst Percent ps Percent psi IP 
l Stress Mean wey 300 1. oY v0) 1,543 tM vari 
2 Strain do a0) 208.9 1, 050 324.7 1, 500 30) tions 
; do do 10 328.0 1, 100 435. 2 1,550 438 ‘ 
‘ do do 450 355.3 1, 150 44.8 1, 600 HAS value 
Stress Std. dev.* ISS 2 45.2 
i Strain do * 4.35 a. 2 2.74 BLI 
7 do Ek Nt 0. 54 O20 (1s 
s do Std. dev 7.72 16.2 4.7 
” Ratio 4 24 1. 86 4. 07 
p 
* Standard deviation of specimens within a sheet 
lhe change in elongation for a change in stress of 1 psi (line 4 minus line 2)/100 
¢ Standard deviation of strain measurements expressed in equivalent stress units, which is calculated by dividing the strain standard de 
AF AS, line 6/line 7 
! Ratio of standard deviation for tensile stress to that for strain both expressed in psi, line 5/line 8 
possible by subjecting the data obtained on refer- variance, Such an analysis for X-289 and X sw, 
ence lots of synthetic rubbers to an analvsis of | GR-S is given in table 3. Column A lists 
= each property the variances (squares of standar( 
Paste 3. Variances of stress and strain measurements * ree : 
deviations) among batch means, and column } 
dict lists the variances among specimens from the sa: 
1 ances 
batch. The values in column A mav be reso! 
Cured at . . . ° > 
rype of GR-S 2 A B ( D into two components, one due to variations fi ‘ 
~ ne 
ven si a batch to batch and the other to variations among 
ate J Spec Col B a 0 . - ‘ 
seman Wns _ specimens from the same batch. Since five sp 
mens from each batch were tested, the contri! 
PRESS AT 300 PERCENT ELONGATION ota ; 
tions from variations among specimens to 
i o- pei | ool aa variances in column A are one-fifth of the va 
| 3 sala 1, 320 2h i2 ances in column B and are listed in column | i 
X 346 ") S24 1, 297 25y $1 . : . ° 
| ow 708 1, 801 $M) 51 Column D expresses this contribution as a p 
centage of the observed variance among the bat 
2 133 276 5 TT , ; 
X_2N9 | ma pe ons 2. pat means. In the case of elongation at 600 ps 
|» 1,847 1,120 24 12 testing variations account for approximately 
percent of the observed bateh-to-batch variation 
STRAIN AT 600 PsI A: . 
; which is about one-tenth the corresponding p Oct 
centage for stress at 300-percent elongatio! 
Percent Percent Percent? Percent = ‘ . ° 
( 2 ~*~ 900°) 1.80 23 Similar results have been obtained in the evalu 
X 346 5 “6 216 3 . , ‘ , ‘ ‘ , 
| ms oe a ’ -- a tion of Y—102 and Y-103 GR-I. Other labora 
tories [9,10], have noted comparable improvemen! 
25 ti x NA 1.77 3.2 : . ome "> , . o¢ t 
, , 3 “es = in precision of testing by means of the strain te 
X 29 uy 3 1.12 0. 22 12 ; ' 
ww au 073 15 17 ) 


* Analysis of variances is treated in such books as Statistical methods in 
research and production, by O. L. Davies, published by Oliver and Boyd, 
London (1947) for Imperial Chemical Industries, Ltd., or Statistical methods, 
by George W. Snedecor, lowa State College Press (1946) 

» Variances apply to 27 batches of X-346 GR-S and 11 batches of X-289 
Gk-Ss 

¢ Variances apply to 5 specimens from a sheet from each batch, i. e., a total 
of 105 specimens of X 346 and 5 specimens of X- 280 GR-S 
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IV. Applications of Strain Test 


The high precision of the strain test has madi 
yossible to obtain a reliable evaluation of vulea! 
ized rubber samples by means of relatively fe" IB, s, 
measurements. For example, it has been possi!) 
to determine with little effort the variations intr 
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luring compounding and curing, the hetero- prepared on different days are given. The agree- 


wity of a single sheet of rubber, and the change ment among the specimens from a single sheet from 
stress-strain properties during storage of vul- each batch is excellent, but the batch averages 
nized rubber. vary considerably. In order to determine whether 
In table 3 the large variance among batch means this variation is related to the compounding or 
ompared to the variance among specimens for the curing procedure, 6 sheets from the same batch 
“rain data indicates that there was considerable were vulcanized simultaneously. The average 
ariability in the compounding and curing opera- value for each of the 6 sheets is given in table 5 
‘ons. Similar data are shown in table 4, where The variation among sheets cured from the same 
: alues for individual specimens from five batches batch is considerably more than expected from 
specimen variations and is an appreciable fraction 
RLE 4 Typical data for strain and set of individual of the Variation among batches noted in table 4. 
specimens From an analysis of variance made on data, not 
reported here, for approximately 100° pairs of 
Strain at 600 ps ret ° - . . " . ° 
sheets of X-412 and X-418 GR-S vulcanizates, 
v4 
oe 0 25 0 w it was inferred that the true variance among 
os min * min min * min® min * ; : : \ é 
batches is approximately two times the true var- 
Per- Per Per Per- | Per lance among sheets within a batch. 
Percent cent cent cent cent cent ; 
f hh 4 v0 w5 45 Lo 
150 248 190 10.5 ‘ . 0 TABI E 5. Strain and set data for sheets within a batch ol 
> 452 242 1y2 10.5 16 3.2 : phe 
x j , - } 436 * 191 6 3 . Y-289 CR-S vulcanizates 
ts | | ‘ a4 191 10.6 4.5 2 
ri { Ave 453 244 191 0. 5 i a ee sais 
mn B ne ; : ; 
24min*® S50min*® #0 min 25min* 50min * #min * 
: | 1W2 2 wo 1.5 is ,2 
ol is. ti 190 10.8 is 34 Percent Percent Percent Percent Percent Percent 
| is4 ti lw 0.7 is 3 471 2é. 6 194.3 12.15 ec 4. 2% 
I ; reel 255 190 10.7 50 $3 2 is4 255.7 193. 7 14.8 4.74 16 
m 185 257 Ivo w.7 0 ,3 ; iis 251.2 192.4 12. 6 | $15 
7 { 10s 258.0 191.5 14.07 191 3. 36 
sp Ave 4s7 2 lv 10.7 i) ,3 wil 243.0 192.4 12.70 4. 6s + 36 
t) 6 fis 2453. 6 v1.¥ 12. 48 4.23 
, ine 24 143 13.4 5.0 20 Ay if 254 2.9 13.1 4.67 32 
Va | im 26 it 3.4 50 +O 
; is] 2h) 104 13.4 iY 5 
Mn ’ 24 is 2h) 1u2 13.6 a 2 5 * Time of cure at 292° F 
yh | is 240 1u38 13.6 0 5 Set measurements were made | hr after strain measurements on same 
| | specimens 
va Ave 484 249 148 0 Mean for 6 specimens, other values are means for 20 specimens 
 p 
y us | 0 | wo | wel ac! as In addition to its use for detecting compounding 
lols | es ee and curing variables, the strain test is sufficiently 
“4 243 1m) 12.3 12 a) ba oe . : : 
p " “us 2k | 7 sensitive to detect variations within a_ single 
; : ae ‘tT > 
Le a ‘ = sheet of vulcanized rubber. The narrow specimen 
| . . 
al | ata | cd ont tom | ae] ae used in this test makes it possible to cut 20 
"0 specimens from a sheet 6 in. square. The 
vents ws | oe | wes | 128 | se! 26 variations among 20 such specimens are seen in 
eS a) figure 2. This figure shows the individual strain 
isi 200 190 13.2 5.0 5 : a . 
- =e | am | mel wel ae values for the sheets vulcanized 25 and 90 min, 
ee i respectively, and summarized in table 5. The 
d | aves | so | we | tne . elongation of each specimen is plotted in the 
. order of its position in the sheet. The trends 
f ure at 292° F. X-289 GR-S vulcanizates prepared according to in values noted across most sheets are believed 
sitions for Gove ‘ s »ybers, effe 46 : . 
' is for Government Synthetic Rubbers, effective Jan. 1, 194¢ to be due to grain effects caused by flow during 
sl irements made | hr after strain measurements on same speci : ; 


the early part of vuleanization. This conclusion 
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is supported by the studies of Gurney and 
Gough [11). 

Since 20 specimens can be cut from a single 
sheet, it is possible to study the change in stress- 
strain properties of vuleanized rubber during 
storage. Figure 3 shows the average change in 
five sheets of each of three GR-S vulcanizates 
during the first 6 days of storage at 82° F. These 
data show the marked stiffening of undercured 
rubber during the first 24 hr after vulcanization 
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POSITION OF SPECIMEN SHEET 


Figure 2 Heterogeneity within and among sheets from 


same compounded batch. 


The mean value for each sheet and the conditions of test are given in table 5 
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STORAGE TE DAYS 


Figure 3. Effect of storage at 82°F on elongation at 
600 Ib/in.* for vulcanizates of X-243 GR-S, 
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and support the minimum aging period oj 24 | 
between vulcanization and testing requi od by 
ASTM Method D15—-41 and of 16 hr 5y th 
Specifications for Government Synthetic Rubbers 
It should be emphasized that the strain test 
made it possible to obtain these results from on|y 
one batch for each cure. 


V. Method for Measuring Set 


Specimens subjected to the strain test can be 
conveniently used for precise measurement 0! 
extension set for a specified stress, since thy 
specimens are subjected to a uniform stress 
for a uniform period of time. Such measure- 
ments of set after the specimens have been allow 
to recover for 1 hr are presented in table 4. As 
seen in this table, the dispersion of values fo 
specimens from the same sheet is remarkably sma! 
so that it is easy to detect variations among 
sheets or batches. The results of set measur 
ments shown in table 5 indicate that there is ay 
appreciable variation in set among sheets fro 
the same batch, although not as large as t! 
among batches shown in table 4. 


VI. Determination of Vulcanization 
Parameters 


In the usual measurements of tensile stres 
(“modulus”) of rubbers vulcanized for differ: 
periods of time, considerable ambiguity arises 
differentiating between cure characteristics ai 
the inherent stiffness of the rubber compoun 
An examination of strain data plotted as a fun 
tion of time of cure, as in figure 4, indicates th: 
the curve is a rectangular hyperbola of the for 
(t(—a) (k—b)=c, where E is the elongation a 
time of cure, ¢. On differentiation, this equatio 
becomes: —dE/dt=(Ek—6)?/C. This equation sug 
gests that elongation at a fixed stress decreases 
with time of cure according to the laws of a second- 
order reaction, in which the reaction rate constan! 
(k) is 1/C. The parameter 6 is independent of thy 
time of cure and corresponds to the elongatio! 
(/..) for infinite cure time. The parameter ¢ 's 


} 


the constant of integration and corresponds to 
time (f) at which the elongation begins to ¢e- 
crease. This time may be considered as the poi! 
of incipient cure or scorch time. Thus, str 


I 


data may be useful for determining three para! 
eters of vulcanization; (1) scorch time, 2 
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4 | action rate constant, &, and (3) a structure fac- time, the stress should be sufficiently low tofavoid 


| by Mor which may be associated with the in- crystallization. Reversion is another phenomenon 
v tl ere stiffness of the rubber compound. This that affects the vulcanization parameters. When 
bbers, BRtiffness may be due to the structure of the poly- reversion occurs, © reaches a minimum and then 
L test Bnet the nature and concentration of the com- increases instead of approaching an asymptote 
1 only fPounding ingredients. As seen in figure 4, F., as the cure time increases indefinitely. Further, 
<a funetion of the applied stress; whereas fy is the parameters are extremely sensitive to the 
ndependent of it. The reaction rate constant, f, observed variations between sheets noted in 
s also a function of the applied stress that must table 5. It is, therefore, essential to use the aver- 
considered in comparing compounds with dif- age value from several sheets in order to obtain 
soy rent stress-strain characteristics. reliable values for the parameters. Employing 
nt « 


the average values obtained in the evaluation of 
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Strain Tester for Rubber’ 
By William L. Holt, Ellis O. Knox, and Frank L. Roth 


A tester for measuring the strain of rubber vulcanizates when subjected to a prede- 


termined stress is described. 


for cutting and measuring the test specimens are presented. 


The operation of the tester and a description of the apparatus 


With this equipment, routine 


determinations of a point on the stress-strain curve can be made with greater accuracy 


and precision than has hitherto been possible with the usual stress-strain equipment. This 


strain test also requires less labor than the customary stress tests. 


I. Introduction 


The strain tester described herein was designed 
io measure the strain at a definite time after the 
application of a predetermined stress. In the 
sual testing procedure, stress is measured at a 
specified strain during the extension of the speci- 
men at a relatively rapid rate. Interest in the 
development of the strain tester resulted from 
previous investigations *, which showed that the 

plicate measurements of strain at a predeter- 
mined stress have a variance of approximately 
one-tenth the variance of the usual measurements 
of stress at a specified strain. 

The apparatus was designed to permit routine 
nieasurements of strain at any selected stress below 
rupture to be made with the degree of precision 
found by Roth in the earlier investigation. In 
designing the strain tester, accuracy of measure- 
The 


design features that are responsible for the im- 


ment, as well as precision, was considered. 


proved precision and accuracy of measurements 
n the strain test are (1) Observation of bench 
marks when they are essentially at rest, (2) use of 
lreely suspended weights to attain the desired 
stresses without friction effects, and (3) increase 
in distance between bench marks of from two to 
that possible with usual dumbbell- 
shaped specimens. 

This test is not intended to measure stress-strain 


lour times 


ter was designed and constructed at the request of the Sub- 
Test Methods of the Committee on Specifications for Synthetic 


Rut d was financed in part by funds transferred from the Office of 
Ruble erve, Reconstruction Finance Corp. 
F L. Roth and Robert D. Stiehler, J. Research NBS 41, 87 (1948) 
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properties near or at rupture. For control testing, 
however, and for many research tests, a knowledge 
of the properties below the region of failure is 
The improved precision of the strain 
determination of the 


sufficient. 
test warrants a 
properties at failure in those cases where they are 


separate 


hecessa ry. 
II. Details of Construction 


Three accessory instruments are required to 
prepare specimens for measurements in the strain 
tester. These are (1) a die to cut specimens 
from a sheet of rubber, (2) a device for placing 
bench marks on the specimen, and (3) a device 
for determining the average thickness of the speci- 
men. The construction of each of these instru- 
ments and of the strain tester is described in turn, 


1. Die for Cutting Specimens 


The construction of the die used to cut speci- 
mens from a sheet of rubber is shown in figure 1. 
The cutting blades of the die consist of six strips 
of razor blade steel sharpened on one edge. Each 
strip is 6 in. long, % in. wide, and 0.009 in. thick. 
They are clamped between metal spacers 6 in. 
long, *s in. wide, and 0.245 in. thick, so that the 
cutting edges project ', in. The die is used in an 
arbor press or “clicking” machine. 

With this device, five strips 0.254 in. in width 
are cut simultaneously. This width was chosen 
for its convenience in determining the load to be 
applied to the specimen to obtain the desired 

These blades were supplied throuzh the courtesy of the Gillette Safety 
Razor Co., 125 Granite Street, Boston, Mass. 
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Figure | Die for cutting five test specimens 


stress based on the cross sectional area of the 
unstrained specimen. The width is one one- 
hundredth the numerical factor by which the 
thickness in millimeters must be divided in order 
to convert it to inches. Consequently the load, 
expressed in pounds, is equal to the numerical 
value of the thickness of the specimen measured 
in millimeters, multiplied by the numerical value 
of the desired stress expressed in“ hundredweights” 
per square inch. For example, to obtain a stress 
of 400 Ib/in’, the load to be applied to a specimen 
2.03 mm in thickness and 0.254 in. in width 
would be 2.03 400/100=8.12 Ib. 


2. Bench Marker 


Bench marks are placed 10 em apart upon each 
specimen. This distance makes it convenient to 
measure elongation (strain) directly by means of a 
scale graduated in millimeters. The device used 
is essentially a metal bar with razor blades fas- 
tened on each end, as shown in figure 2. In order 
to prevent cutting of the specimen by the blade 
the edges are ground, as shown in the detailed 
section. With this marker, distinct lines not over 
0.010 in. wide are easily made. 


3. Thickness Gage 


The thickness of specimens is measured with 
the gage shown in figure 3. This gage has a dial 
indicator graduated im hundredths of a milli- 
meter. One revolution of the pointer corres- 
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Figure 2 Bench marker. 


sponds to 1.0 mm, and the total range of the in 
cator is 2.5mm. The indicator is mounted aly 
an especially constructed base shown in figury 
An important feature of this base is the pressu 


bar arrangement. This metal bar is 10 em low 


and is pressed upon the surface of the specim 
with a force of 4 lb by means of a spring. T 


bar is attached to a ball joint, which possess- 


sufficient freedom of movement to average t! 
thickness of wedge-shaped specimens. The du 


indicator is adjusted to read zero for specimer 


1.50 mm in thickness, as specimens of this thie 
ness require a load corresponding to the bas 
weight of the weight assembly described in » 
tion Il, 4. Additional thickness beyond |. 
mm is read in hundredths of a millimeter 


4. Strain Tester 


The strain tester is designed to apply aul 
matically the selected weights to a specimen | 
produce the desired stress, to provide means | 
measuring the elongation accurately and casi!) 
to assure that measurement of elongation i ma 
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Figure 4. Construction of the averaging mechanism of the 
thickness gage 
rhe apparatus is shown with the pressure bar raised rhe specimen is 
placed on the base under the bar and against the guice When the knurled 
disk J) is turned so that the handle // rests against the pin P, the notch 
in the rod # is at the top, allowing the ring to pull the pressure bar dowr 
wainst the top side of the specimen 
(i) , 
RE 3. Gage ww obtaining average thickness of the 
abn specimen 
~ the proper time after application of the load 
n lou d to return automatically the specimen and 
cm ster to their starting positions after the measure- 
| ent bas been mace Che design of the tester 
— bodies mechanical and electrical features that 
discussed separately 
e 4 
mens (a) Mechanical Assembly 
th . 
; The strain tester is shown in figures 5 and 6. 
bas 
hSsel tially, the tester consists of two parts Che 
pper part comprises a vertical track, the driving 
nism for extending and = suspending thi 
women and the mechanism for measuring the 
gation The lower part consists of the weight 
sembly and mechanism for placing the proper 
. the specimen 
el : . 
ertical track is constructed from five strips 


rolled steel 48 in. long. The basic steel 


is i ) 


. 2 in. in width and *, in. in thickness. To 





p, two strips, °. in. by ‘yin... and two strips, Figure 5. Ceneral view of rubber strain teste 
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Fiaure 6 Rubber strain tester Jrom the perspective of the 


operator. 


ies with motor of time-evele controller: V. hand wheel for 
lining upper positioner with upper bench mark; YX, prism and specimen as 
een in plane mirror; Y, handle for rotating positioners to the specimen and 


slining the lower positioner with the lower bench mark 


are fastened to form a T-slot % in. 
This 


slot serves as a guide for the grip, which stretches 


, in. by 'y in., 
in width at the base and |. in. at the throat. 


and supports the upper end of the specimen. The 
specimen grip also connects the two ends of a 
roller chain (Boston No. 35), 
sprockets at each end of the vertical track, and 


which passes over 


thence to a ‘- or -hp-ratio motor. The motor 
raises and lowers the specimen grip in the T-slot 
at a speed of 200 in./min. Two limit switches 
located fore and aft of the sprocket at the upper 
end of the track prevent the specimen grip from 
reaching the sprockets and damaging the tester. 
A steel tape graduated in millimeters is used to 


measure the elongation. As the bench marks are 


placed on the specimen 10 em apart, each milli- 


meter of extension corresponds to an elongation 
of | percent. 
with hair lines are used to locate the position of 
The end 


of the tape is fixed to the upper positioner, and 


Two transparent plastic positioners 
the bench marks on the millimeter tape. 
the zero point on the tape is adjusted exactly 10 
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cm below the hair line on this positioner, 

when the positioners are placed on the ben 
marks, the elongation is read from the tape at ¢/ 
lower positioner directly in percentage. [nh ord, 
to permit the operator when seated at the test, 
to locate the hair line of the upper positioner » 
the upper bench mark arrangement, Y in figy 
6. is made to observe the hair line and the bens 
mark by means of a fixed plane mirror and a rp. 
flecting prism attached to the upper positione; 
Lights attached to the prism illuminate the upp, 
bench mark during the time an observation is | 
be made. The upper positione:, prism, and lights 
are moved up or down by means of a ladder eh 

and sprocket assembly. The assembly is «) 

in figure 6, wiil 


The low 


positioner slides freely on a vertical square } 


by means of a hand wheel, V 
easy reach of the seated operator. 


which serves as a guide for both positioners 
A han 


Yin figure 6, on the lower positioner enables | 


rotates them away from the specimen. 


operator to slide it and to rotate both positio: 
to the specimen in order to make observations 
without parallax. 

The lower part of the apparatus, consisting 
the weight-assembly and weight-loading mi 
anism, is centered around a plumb line from | 
upper grip. The weight assembly passes fri 
through a rectangular hole 4 in. by 8 in. cut 
the table top that supports the upper and low 
parts of the apparatus. The assembly consis 
of an aluminum rod (approximately 32 in. long 
on which is fastened two weight holders, on 
the lower end for the fixed weight and the oth 
about 24 in. above for the additive weights. A 
the upper end of the rod is fastened the grip f 
The holder f 


the additive weights is constructed as shown 


the lower end of the specimen. 
figure 7. Guide rods pass through the holes 
the ends of the weight holder, and the additi 
weights are placed in the semicircular note! 
on the sides. 

The combination of the weight assembly a 
weight loading mechanism is shown in figure » 
The eight additive weights are supported on arm 
that are normally inclined at an angle of about » 
from the vertical. When additive weights « 
needed, the arms supporting the selected weg! 
The addit 


weights are then lifted from the ends of the arms 


are moved to a vertical position. 
by the upward movement of the weight holder «! 
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Figure 7 Holder for additive weights 
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ADDITIVE WEIGHT MOLOER 


RE S Weight assembly and loading mechanism 


ht arms are shown in their vertical position. In operation there 
ore than four arms in this position at one time. One of the 


ghts is shown by dashed lines in position on the weight arm 


ne the specimen is elongated. The weights 
turned to the arms during the retraction of 
cimen. 

arms are moved to the vertical position by 
of solenoids and returned to their normal 
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position by the action of a coil spring after the 
circuit to the solenoid is broken. The mechanism 
for actuating the solenoids and the mechanism 
for indicating when the weight assembly is 
suspended freely are discussed in the section on 
the electrical circuit. 


(b) Electrical Circuit 


The mechanical operation of the tester is con- 
trolled by the electrical circuit shown in figure 9. 
The part of the circuit that controls the weight 
loading mechanism utilizes eight solenoids, S, 
(Guardian No. 12 AC) for moving the eight 
weight arms into their vertical positions and 1S 
normally open switches for selecting the proper 
solenoids to apply the desired load. The keys 
operating the switches are locked by means of an 
additional solenow, A, while the weight assembly 
is suspended. During the time the switches are 
free to be changed for selection of the desired 
load, this part of the cireuit is not excited. 

Four of the solenoids are controlled by one 
decade of switches and the other four by a second 
decade. Four switches of each decade are single- 


pole, single-throw and control individual sole- 


noids. The other five switches of each decade 
are either double-pole, single-throw, or split- 
contact single-throw (Micro-Switches BZ-3 YLT 
were used) and control appropriate combinations 
of two solenoids. Thus with four weights, the 
selection of any additive load in a decade is 
obtained by closing one of nine switches. One 
decade can adjust the load to correspond to 
specimen thicknesses from 0.1 to 0.9 mm in steps 
of tenth-millimeters and the other decade from 
0.01 to 0.09 mm in hundredth-millimeter steps. 
Thus the two decades can adjust the load for 
specimen thicknesses ranging from zero to 0.99 
mm in hundredth-millimeter steps. To close 
these switches it is convenient to use two decades 
of keys and the keyboard mechanism from a 
Friden calculator. This assembly is arranged so 
that the closing of one switch in a decade opens 
the others. The keyboard mechanism also pro- 
vides a convenient device for locking the keys 
while the tester is in operation. 

The electrical circuit, which controls the weight 
loading mechanism, is excited when the main 
relay (4PST, 110 v AC, 6 amp) is closed. This 
relay is closed by pressing the start button at the 
start-stop station. Once closed the relay remains 
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closed until the eireuit to its exciting coil is broken 
either by the action of the limit switeh, 1, which 
opens when the upper grip returns to its starting 
position or by the pressing of the stop button by 
the operator Besides exciting the cireuit con- 
trolling the weight-loading mechanism, this relay 
starts the motor that lifts the upper grip and 
stretches the specimen 

When the weight assembly is freely suspended, 
a single-pole, double-throw precision snap switch, 
iW, mounted on the weight loading mechanism 
starts the motor, 17, on a time-evele controller 


The funetion of the other position of this double- 


100 


throw switch is to actuate a signal that is dese: 
with the signaling devices. 

The sequence of operations after the 
assembly is freely suspended is controlle« 
(Electric 


controller 


controller Switch 


This 


mercury switches that are opened and clo 


time-cvele 
model 602 consists 0 
the action of 
clock motor, A/ 
switches are as follows 

The height switch, 7/7, limits the height t 


the weight assembly may be raised (approx 


cams rotated by a synel 


The functions of the 1 


Sin 
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signal switch, A, operates an alarm, which purposes other than the normal operation of 
es the time the measurement of elongation the tester. For example, illumination is required 
» made. when the zero position of the steel tape is being 
reversing switch, R, actuates a 3-pole initially adjusted relative to the hair line on the 
throw relay, which reverses the motor upper positioners. This adjustment is conven- 
end of a test, permitting the specimen to iently accomplished by use of a separate milli- 
and the weight assembly to come to rest. meter scale held in the position of the specimen 
The evele switch, C, stops the time-cycle con- 

troller at the end of the evele. The four switches III. Method of Operation 
open and close at the following points in the = : 
ealution of the came Three steps are involved in the strain test pro- 
cedure: namely, (1) the preparation of the test 
specimen from a rubber vulcanizate, (2) the 
Switch Opens measurement of the cross-sectional area of the 
specimen to determine the load to be applied, and 


Degrees | Degrees (3) the measurement of the elongation of the 
Heig 9 355 
Signe 284 
Reversing 355 


Cele 360 1. Preparation of Specimen 


specimen at a definite time after the load is applied. 


From the usual test sheet of rubber vulcanizate, 
\ rotation of 360° requires 80 sec. In order to 6 in. square and about 0.075 in. in thickness, five 
udicate When the controller is in operation, a specimens are cut by means of the die described 


jlot lamp, P (6 v, 0.15 amp) is connected in in section IT, 1. Using the marker deseribed in 


series With the motor section II, 2, bench marks 10 cm apart are placed 
The signal switch of the controller closes the upon each specimen. The marking compound 
mary circuit of an 8-v transformer, 7. Con- should be of a contrasting color to that of the 
ted to the secondary of the transformer.is a specimen; e. g., if the specimen is dark in color, 
single-stroke bell or gong. G. which serves to red or white marks are convenient 
dicate when the elongation of the specimen ; 
to be observed. The lamps, J, which Sinesinate 2. Determination of Load 
« upper bench mark, are connected to the same If the die is properly constructed and in good 
cuit. If the weight assembly is not freely condition, the width of each specimen will be 
suspended at the time the observation is to be 0.254 in. (6.45 mm) to within 0.001 in. Then 
ade, the double-throw switch, W, attached tothe — only a measurement of the average thickness of 
veight-loading mechanism, connects a second each specimen by means of the gage deseribed in 
ansformer into the signal-switch cireuit. Con- section II, 3 is required to determine the cross- 
ected to the secondary of this transformer is a sectional area. 
brating bell or buzzer, B. This signal warns For measurements at a stress of 100 Ib in 
w operator that the observation is in error. changes in thickness will require changes in load, 
One of the limit switches, U7, on the vertical in pounds, which are numerically equal to the 
track is used to protect the tester in case a speci- thickness change in millimeters. Consequently, 
has an elongation greater than the limit of by setting the zero position of the dial gage to the 
ester or breaks before the motor of the time- numerical value of the fixed weight, one needs 
controller starts. The other limit switch, merely to make the additive weights equal to the 
iks the cireuit to the coil of the main relay dial reading obtained with the different specimens 
nd of each test when the upper grip returns To obtain the same convenient arrangement at 
starting position. This action breaks all 200 Ib/in.’, the fixed load and each additive weight 
ircuits except the one to the motor of the must be doubled. This is accomplished by the 
cle controller substitution of a different weight assembly 
itch, &, is provided for manual operation Analogously, weight assemblies corresponding to 
amps, 7, when illumination is desired for any other desired stress can be used, if desired, 
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The tester in our laboratory is equipped with three — about 1': min of machine operation. The oper fy. 
sets of weights for applying stresses of 100, 200, tor, however, has about 1 min of this tine fp ffNa 
and 400 Ib/in*. Alternatively, the fixed weight during which he could either operate a seco; 

can be manually adjusted for each stress, and a machine or prepare specimens for measureme, 
table used to obtain the key board settings cor- — 
responding to different dial-gage readings. IV. Comments on Performance 


3. Measurement of Strain The strain tester constructed in this laborato; 
aa has operated very satisfactorily for more than 
Phe specimen is placed in the grips of the teste vear. In the usual stress-strain measurements 


, " rT . , " " . “ke *} r i . . . 
by the operator with the bench marks facing him. the errors in testing have been found to be of th 


After depressing the proper keys controlling the ame order of magnitude as those arising in ¢) 


additive weights, he presses the start button. preparation of the vulcanizate. On the othe 
his action engages the appropriate additive hand, it has been found that the errors of testing 


weights and stretches the specimen. The pilot with the strain tester are negligible in compariso: 
to those arising in the preparation of the vu. 


canizate. This improvement in precision a 


light indicates when the weights become freely 
suspended, and the time cycle begins. Fifty-five 
seconds later when the signal sounds, the opera- accuracy of testing has been useful in both contro! 


or ) . s] 1 re o i s ' 8 vo » e fs ° 
tor holds the positioners against the specimen and research testing. Data showing the improve. 


with his left hand and superimposes the hair line ment of precision have been omitted from this 


of the upper positioner on the upper bench mark paper, as they are a part of a separate paper | 
by turning the hand wheel with his right hand. fantuate 2). the 
After this positioner Is adjusted, he superimposes An advantage of this test, in addition to ¢) ning 
the hair line of the lower positioner = the lower improved testing, is the reduction in man-ho rh 
bench mark by sliding the positioner with his left requirements. This reduction is due in large part 
hand. Approximately 8 sec are allowed for these hive 


= to obtaining the data in tabular form at the ti 

two operations. The operator observes the elon- of test At the same time, the ease and co»-f’ | 

gation in percentage directly from the position of venience of the test has improved the morak 

the hair line of the lower positioner on the milli- the testing personnel. The operation of 
sting 


meter tape. There is ample time to observe and tester from a sitting position, the ease of chang 
record the elongation while the upper grip and weights, and the elimination of following t sol} 
| weight assembly return automatically to their moving bench marks simultaneously have bi re 
starting position. A new specimen can be in- the prime factors in this respect. ‘ r 
serted and the kevs changed while the controller 
completes its eycle. Thus each specimen requires WasnHinetron, October 24, 1947. pos 
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we Barium Aluminate Hydrates 


that By Elmer T. Carlson and Lansing S. Wells 


ements 
e of tl Methods of preparation, optical properties, and X-ray diffraction data are reported for 
, =u six barium aluminate hydrates. Three of these were obtained successively by precipitation 
P other from supersaturated barium aluminate solutions at 30° C. The first, designated by the 
testing empirical formula 1.1BaO.Al,O;.6H,O, is metastable with respect to the second, BaO. Al,Os.- 
parisor 7H,O, which in turn is metastable with respect to BaO.A1,0O;.4H,O. Two lower hydrates, 
he vul- BaO.Al,O;.2H,0 and BaO.Al,O,.H,O, were prepared hydrothermally. 2BaQ.Al,0,.5H,O 
On a was obtained from boiling barium aluminate solutions. 
Col 
Aprove- I. Introduction studied by several investigators, notably E. 
Mn this J, : Beckmann [1] ' and G. Malquori [2]. The latter 
For several years, the calcium aluminates and me : 
er “he , gives a solubility diagram for the system BaO- 
their hydration products have been studied by a ona rr for ‘ 
ae | pa ogee tri AlL,O,-H,O at 20° C, and indicates that the com- 
number of investigators in various countries. é : 
to * = : pounds BaQO.AlLO,.6H,0 and 2BaQ_Al,O5.5H,O 
The widespread interest in’ these compounds , 
n- =P ' occur as primary phases at this temperature. Beck- 
, resulted chiefly from their importance in relation to : 7 , ; 
ge p . mann reports a compound 3BaQ_Al,O,.XH,O, in 
: ivdraulie cements. In spite of the large amount v 
et : addition to the other two, and the BaO: ALO, 
of work that has been done, it cannot be said that ; ; ' 
a ¢ . ' s é' ' ratio of the 1:1:6 compound is said to be variable. 
al the relationships of the various hydrated calcium a , , 
real es Neither optical nor X-ray data were found in the 
( iminates are fully established. Among the oS ' 
0 = literature for any of the barium aluminate hydrates. 
— ficulties connected with the problem are the low ' 
ot wlubilities of the hydrates, extreme fineness of Il. Methods 
% wecipitates, slowness of approach to equilibrium, 
The general method used in the present investi- 


ud persistence of metastable phases. 
gation was similar to that employed in the study 


of the calcium aluminates [3]. Supersaturated 
solutions of alumina in barium hydroxide were 
prepared and allowed to stand, with occasional 
The precipitates were ob- 


In view of these difficulties it was considered 
wssible that a study of the aluminates of barium 
ight disclose a series of analogous compounds 
rom which might be drawn some inferences as to 
the nature of the calcium aluminates. It was 
‘nown that the solubilities of the barium com- 
wunds were much higher, and it seemed not un- 
kely that the other difficulties might also be 
minimized. During the course of this investiga- 


shaking, at 30° C. 
served under the microscope from time to time, 
and changes in concentration of the solutions 
were determined by analysis. Various methods 
were used for preparation of the supersaturated 
solutions. The most satisfactory was the treat- 
ment of anhydrous barium aluminate with suffi- 
cient water to cause practically complete hydroly- 
sis and precipitation of hydrated alumina, followed 
by boiling with barium hydroxide solution to dis- 
solve the alumina. The solution was then filtered 
promptly while still hot. The anhydrous alumi- 
nate used for the purpose was either BaO.Al,O, 


‘lon it soon became apparent that the hydrated 
uminates of barium were in no way analogous to 
those of caleium; nevertheless, the study was 
continued because of the importance of the barium 
ompounds themselves. The barium aluminates 
have found application in water purification, and 

has been proposed that barium compounds 
might replace those of calcium in cements for 








spec purposes. 
Figures in brackets indicate the literature references at the end of this 


the hydrated barium aluminates have been paper 


earch J Barium Aluminate Hydrates = 











or 3BaQO.ALO, or a mixture of the two, as desired, 
prepared by heating a mixture of barium carbonate 
and gibbsite (ALO,.3H,O), in the desired propor- 
tions, at about 1,300° C. The products usually 
contained a little insoluble material, probably 
corundum, but this did not affect their usefulness. 

Other methods of preparation of the solutions 
included treatment of gibbsite with boiling barium 
hydroxide solution, similar treatment of freshly 
precipitated alumina, and the interaction of 
barium hydroxide and aluminum sulfate in solu- 
tion. Reagent grade chemicals were used except 
in the case of the gibbsite, which was a commercial 
product containing 0.30 percent of soda. Solu- 
tions were handled as rapidly as possible and 
flasks were tightly stoppered, but no other pre- 
cautions were taken to avoid the action of carbon 
dioxide. Carbonation proceeded rapidly when- 
ever the strongly basic solutions were exposed to 
the air, but the amount formed appeared insuffi- 
cient to seriously affect the analysis of the solid 
phases. 

The general procedure outlined above was 
designed to yield data from which a diagram of 
equilibrium at 30° C could be drawn. It has 
been found, however, that equilibrium in this 
system is not attained even after several months, 
and further work will be required before the equi- 
librium diagram can be established. The follow- 
ing generalizations may be made, however: (1) 
From solutions low in BaO, hydrated alumina is 
precipitated as the primary phase; (2) From 
solutions sufficiently high in BaO, hydrated barium 
hydroxide, Ba(OH),.8H,O, is precipitated as the 
primary phase. The limiting concentration for 
this phase, with no alumina present, is about 50 ¢g 
BaO per liter and increases somewhat with in- 
creasing alumina concentration; (3) From = solu- 
tions intermediate in BaO, three hydrated barium 
aluminates are precipitated successively, if the 
alumina concentration is about 15 g/liter or higher. 
From solutions lower in alumina, the second 
member of the series is formed directly. These 
three hydrates all have BaO:Al,Oy, ratios close to 
I:1. The fact that they are sometimes formed in 
contact with solid Ba(OH),.8H,O suggests that 
no more basic barium aluminate hydrate exists 
as a stable phase at 30° C. 

In addition to the hydrates precipitated at 30° 
C, one compound was obtained from boiling solu- 
tions, as described below, and two were prepared 
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by hydrothermal synthesis. In the latter py. 
cedure, the material to be treated was placed iy 
3-ml platinum thimble, which was capped loose) 
and then placed in a bomb-type autoclave cop. 
taining sufficient water to saturate the enclose 
air at the temperatures used. The thimble was 
supported above the water level by means of , 
coiled wire in order to minimize the loss of dis. 
solved substances. The autoclave was heated j) 
a specially designed furnace [4] or, at the lowe 
temperatures, in an ordinary laboratory oven 
In the chemical analysis of the products svn- 
thesized, the percentage of water was calculated 
from the ignition loss at 900° C, with no correction 
for carbon dioxide. Microscopic examination 
indicated that the amount of carbonation was 
negligible. Alumina and barium oxide were de- 
termined by the usual gravimetric methods 
The refractive indices reported are for sodium 
vapor light. X-ray powder patterns were made 
on an X-ray spectrometer with a Geiger-counte 
and automatic recorder, using copper Ka radiatio 


III. Results 


The various hydrates synthesized are described 
below: 

1.1BaO.ALO;.6H,O—-The compound that s 
precipitated first from highly  supersaturate 
barium aluminate solutions, as described aboy 
may be designated by this empirical formula 
Analyses of six preparations indicated BaQO: Al,0 
ratios of 1.14, 1.12, 1.12, 1.14, 1.12, and 1.1 
respectively. The ratios of H,O to Al,O, in t! 
same preparations were 6.1, 6.2, 6.0, 6.1, 6.0, an 
5.9. The slight variation in BaQO: Al,O, rat 
bore no observable relation to the concentratio 
of the solution, and may be ascribed to expe! 
mental error. The departure from a 1:1 ratio + 
in agreement with the findings of E. Martin {5 
who claims to have isolated a compound, 11 Ba0 
1OAL,O;.24H,O. Beckman [1] and Malquori | 
also reported ratios greater than unity. Th 
actual stoichiometric ratio remains in doub 
Thermal analysis indicates that most of the wate! 
is liberated below 160° C. 

This compound was precipitated from solution 
of proper concentration, but formed rather slow!) 
From one solution in which the concentration © 
ALO, exceeded 17 g/liter, precipitation commence 
almost at once, but in more dilute solutions pre- 
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pitation was first observed after several days. 
(Constant agitation appeared to have little if any 
effect at first, but probably accelerated precipita- 
tion after it The compound 
xists in the form of needle-shaped crystals (fig. 1) 


had once started. 


Ficgure | 1.1Ba0.Al,0;.6H,0 


ind imparts to the reaction mixtures the “silky’ 
ippearance characteristic of crystals of this shape. 
Optically it is slightly birefringent, biaxial positive ; 


1.535, ¥Y 
\-ray diffraction data are given in table 1. 


1.540; the elongation is positive. 
Precipitation of this compound continues slowly 
lor approximately a week, after which there ap- 
pears a new crystal phase, described in the follow- 
ig paragraph. The needle crystals simultane- 
Ist\ disappear, 
The 


days for completion, the time being somewhat 


and the excess BaO goes into 


solution transformation several 


requires 
Val ible. 

BaQ.ALOs.7H,0—This compound is produced 
oY transformation of the 1.1:1:6 hydrate described 


abov 


and is also precipitated as the primary phase 


Barium Aluminate Hydrates 


TABLE 1. J/nterplanar spacings and relative intensities of 


X-ray diffraction bands for the barium aluminate hydrates 


1.1 BaO. AlyOy 6H,0 BaO.AlyO) 6H,LO BaO.AlOy4H,O 


Intensity Intensity Intensity 


a0. AleOy 2H,O BaO,AlyOy H,O 2Ba0.AlpOy 5H,O 


Intens hkt Intens- Intens- 
ity ty ity 


l 
! 
1 
! 


Unit cell: a 


from solutions of somewhat lower alumina content, 
Three analyses of one preparation gave an 
average molar ratio of 0.97 BaO:1AlLO,:6.75H,0O. 
In another preparation, the ratio of BaO = to 
ALO; was the same, but in two separate samples 
filtered off at different times, the ratio of H,O to 
ALO, was 6.80 in one case and 6.65 in the other. 
These samples had been washed with aleohol and 
ether, and it is believed that part of the water of 
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crystallization is so loosely bound that it is re- 
moved by such treatment. Thermal analysis in- 
dicates that most of the water is driven off below 
120° C. Microscopic examination revealed the 
presence of a small amount of impurity believed 
to be hydrated alumina. This would explain the 
slight excess of ALO, over BaO. The compound 
appears in the form of exceedingly thin flakes, 
approximately rectangular in outline (fig. 2) 
The erystals obtained were too small to permit a 
determination of optical character and sign. The 
indices of refraction are a= 1.538, y=1.556. The 
elongation is positive. X-ray data are given in 
table 1. 


Figure 2. BaQ.Al,O,.7H,0O. 


Magnification, x 120 


On standing for several months, the reaction 
mixtures continued to precipitate this compound 


slowly until the concentration of AlL,O, was of the 


order of 8 yz liter 

BaO.ALO,4H,0— This compound was first ob- 
served in one of the reaction mixtures described 
above. It had stood at 30° C for 4 months, and 


apparently a state of equilibrium had been reached 
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between the solution and the precipityte 9 
BaO.Al,O;.7H,O. The new phase occurred 3 pris. 
matic crystals, averaging 2 mm in length ‘fig 3 
Because of their size, they were readily separated 
from the hexahydrate for examination and anal. 


Figure 3. BaO.Al,O;.4H,O, prismatic form 


Reflected light, magnification, x5 


ysis. The BaO:Al,O,:H,O ratio was calculated | 
be 0.97 :1:3.90, from which it was assumed that t] 
formula was BaO.Al,O,.4H,O. Later the sam 
phase, in considerably different crystalline hab 
(fig. 4) appeared in several other reaction mixtures 
X-ray diffraction and optical data showed it 
be identical with the prismatic form. Analysis 
of two preparations gave the following ratios 
0.98BaO:1AL0,:3.94H,0 and 0.99BaQO:1Al,0 
3.94H,O. Refractive indicesof the tetrahydrate a: 
a= 1.625, 8=1.628,y=1.650. It is biaxial positiy 
The crystals of prismatic habit are usually twinn 
X-ray data are given in table 1. 

The three compounds described above w« 
only barium aluminate hydrates formed at 
in any of the reaction mixtures studied 
obvious that the first two are metastabl 
respect to the third, at least over a certain rang 
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FiGcuRE 4 BaQO.ALO,.4H ), rhombohe dral for m 


Magnification, X25) 


of concentration not yet defined. It appears cer- 
tain, also, that the heptahydrate is less stable at 
igher temperatures. This is supported by the 
A sample of BaQO.Al,Q,.- 


with barium aluminate solution 


llowing experiment 
7H,O in contact 
is Withdrawn from a reaction mixture that had 

tood for 4 months at room temperature without 
The sample was held at 60° ¢ 
ays, at the end of which time it was found to 

ave been changed completely to BaO_Al,O,;.4H,0. 
BaQ.Al,O;.2H,O— By 
the heptahydrate preparation described in the 


pparent change 


hydrothermal treatment 


eding paragraph, a new crystalline compound 
The molar ratio indicated by 
nalysis was 0.99BaO:1 Al,O,:2.00H,O; it may thus 
msidered a dihydrate of BaQO.Al,O,. The 
ompound, with minor variations in crystal 


as obtained 


it, was obtained from samples held at various 
ranging 124° to 215° C 
s of 2 to 4 days table 2.) 


tures the tetrahydrate was formed (see 


from 
See 


itures for 


At lower 


while at higher temperatures the mono- 


described below was produced 


Barium Aluminate Hydrates 


Hlyd othermal 


contact with ba 


Bal. Al,O 


solution 


7H,O 


treatment of 


um aluminate 


1h 

Deo 

I> 

I> 
BaO. AlO:.2H,O and BaO. AlyOy HyO 
BaV.A 

1) 

D> 


oO. HOO 


The dihydrate occurs as flat plates, usually 


grown together in foliated aggregates. A fragment 
of one of these aggregates is shown in figure 5, 
photographed under crossed nicols. The crystals 
are biaxial positive, with very low birefringence, 
and parallel extinction. The indices of refraction 


1.610; y=1.613 


Fiaure 5. BaO.Al,Os.2H,0. 


Crossed nicols, magnification, x100 


n 








BaQ.ALO,.H,O 
approximating this formula was first obtained by 


A erystalline compound (fig .6) 


hydrothermal treatment of anhydrous BaO.Al,O, 
for 7 days at 275° C. The same compound was 
later prepared in the same manner at tempere- 
tures ranging from 260° to 350° C, also by hydro- 
thermal treatment of gibbsite in contact with 
Ba(OH), solution 
siderable amount of contamination by other sub- 
unidentified A better 


was obtained by treatment of 


In all cases there was a con- 


stances, often product 
hydrothermal 
BaQO.ALO,.5H,0 in contact with barium aluminate 
solution, at temperatures ranging from 222° to 
295° C (table 2 Similar treatment of 2BaQ_Al,- 
QO,.5H.O (deseribed below) at 280° C 


sume compound. In this case the excess BaO 


\ ielded the 


remained in solution in the supernatant liquid. 
Analyses of three preparations gave the following 
molar ratios: BaO:ALO,:H,O=1.14:1:1.08; 
1.16:1:1.01; 1.12:1:0.99. The 
agreement suggests that the departure from a 1:1 


relat ively good 


ratio may not be due to impurities, as was first 


Figure 6. BaO.Al,O,.H,0. 


" 


believed. It may indicate, instead, that the sim 
formula given is incorrect, or that solid solytip 
In the absence of further ey\ 


BaO.Al,O;.H,0 >» 


may occur. 

however, the formula 

used for convenience. 
This compound belongs to the cubic 

and has an index of 1.644. X-ray data are giy, 

in table 1. 
2BaO.Al,0;.5H.0 


at boiling temperature from barium aluming 


This compound is precipitas, 


solutions over a wide range of concentration 


may be prepared readily by boiling a mixtur 


gibbsite and barium hydroxide solution, the coy. 
centration of the latter being of the order of 50 ¢ 
BaO per liter. 
around the particles of gibbsite. 
filtered and the 
by boiling, a reasonably pure preparation 
2BaO.Al,0;.5H,0 will be obtained. 
is coarse grained and relatively resistant to atta 
by water and dilute HCl (fig. 7). 
two such 


The hydrate forms a caked mas 
If the solut 

is then filtrate concentra 
The prod 


Analyses 


preparations gave the molar ra 


Fieure 7. 2BaQO.Al,O,.5H,.0O. 


Reflected light, maznificatior 
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$.85 and 1.93:1:4.75. The departure from 
5 ratio probably is due to the presence of 
amount of hydrated alumina. Most of the 
an be driven off below 250° C. 
crystals are biaxial positive; indices are: 
12, B= 1.655, + 1.676. The density is 3.42. 
data are given in table 1. 
quori’s solubility diagram [2] indicates that 
) ALO,.5H,0 is the stable solid phase in 
et with barium aluminate solution over a 
In the 
nt investigation it has been obtained only 


‘ 


range of concentration at 20° C. 


om boiling solutions; at 30° C only the 1:1 


vw 11:1) barium aluminate hydrates have been 


recipitated, even from solutions saturated with 


espect to) Ba(OH),.8H.O. As a preliminary 


etermination of the stability of the 2:1:5 com- 


pound at room temperature, equal quantities of 


the solid were placed in contact with barium alu- 


inate solutions of five different concentrations up 


1) saturation with respect to Ba(OH),.8H,O, and 


pt for several months. The solutions were 
nalyzed from time to time. In every case, the 
olid dissolved slowly and incongruently with a 


Barium Aluminate Hydrates 


slow increase in the ratio of BaO to AIl,O, in solu- 
tion. These results require further confirmation 
but they strongly suggest that 2BaO.AlL,O,.5H,O 
is not stable in contact with barium aluminate 
solutions at room temperature. The slowness 
with which it reacts with water may easily lead 
to an erroneous assumption of equilibrium. 


The X-ray powder diagrams and the photo- 
micrographs were made by Mrs. E. Golovato and 
the thermal analyses by E. 5S. Newman, both of 
this Bureau. 
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Aliphatic Halide-Carbonyl Condensations by Means 
of Sodium 


By Edgar A. Cadwallader, Abraham Fookson, Thomas W. Mears, and Frank L. Howard 


\s a part of an investigation of the synthesis of highly branched aliphatic hydrocarbons 


that is being conducted at the National Bureau of Standards for the National Advisory 


Committee for Aeronauties, the Navy Bureau of Aeronautics, and the Army 


Air Forces, 


several compounds have been prepared by interaction of alkyl halides and various carbony] 


compounds in the presence of sodium. 


This reaction makes possible the synthesis of certain 


highly branched compounds not easily obtainable by other means. 


I. Introduction 


The use of the Grignard reaction for synthesis 
f highly branched compounds is limited by un- 
sirable side reactions, which become progres- 
vely more pronounced as the degree of branching 
{the reactants is increased. These side reactions 
nvolve the reduction and enolization of the adduct 
ither than the desired addition of the alkyl group. 

The recent work of Bartlett and Schneider [1] ! 
and previous work by Morton and Stevens [13] 
adicate that the reaction between an alkyl halide 
wand an esteror ketone under the influence of sodium 
may be used to prepare certaim compounds more 
easily than by the Grignard reaction, or may be 
sod in some cases in which the Grignard reaction 
fails completely as a synthetic tool. In this paper, 
ire described the results of a few reactions that 
vere designed to give information concerning the 
scope of the reaction and the effect of various 
solvents and temperatures of reaction. The work 
of Bartlett and Schneider has been extended to 
uelude a few additional reactants. 


II. Experimental 


The apparatus used in making small-scale runs 
was the conventional three-neck flask of appro- 
priate size, fitted with a stirrer, reflux condenser, 
funnel was 
Heating and 


aud thermometer. <A 
] at the top of the condenser. 


paced 


brackets indicate the literature references at the end of this 


separatory 


Aliphatic Condensations by Sodium 


cooling of the reaction mixture was effected by 
application of hot or cold oil baths. In some 
cases, particularly with low-boiling solvents, both 
small necks of the flask were fitted with reflux 
condensers with the elimination of the thermom- 
eter. 

Sodium sand was prepared batch-wise by heat- 
ing a weighed amount of sodium in a purified light 
mineral oil until melted, and then shaking the 
liquid sodium vigorously in a closed Erlenmeyer 
flask until the desired state of subdivision was ob- 
tained. After the particles of sodium had cooled 
sufficiently, they were washed by 
with three or four portions of the solvent to be 
vessel, and 


decantation 
used, transferred to the reaction 
immediately covered with solvent. 

A few of the first reactions tried in this series 
were conducted in n-pentane (boiling range 34° to 
38°C), but later ones were conducted in isooctane * 
(boiling point, 99° C). It was found that the 
vigorous reactions were more easily controlled 
Also 


the use of isooctane as a solvent facilitated the 


when the higher-boiling solvent was used. 


use of higher temperatures for the reactions. 
Bartlett and Schneider carried out their reac- 
tions by adding all of the alkyl halide to the sodium 
at once and then adding the carbonyl compound 
over a period of time. In attempting to use this 


? This is the commonly used name for 2,2,4-trimethylpentane, which is a 
primary standard for octane number measurements. The commercially 
obtained material is exceptionally pure and serves admirably as an inert 
solvent for reactions of this typ. rhe common name is used throughout 


this paper 


lll 








technique in our applications of the reaction, we 
often found that the reaction was so vigorous 
that the sodium was completely consumed before 
all of the carbonyl compound could be added. 
Apparently in these cases there is a self-sustaining 
reaction between the sodium and the alkyl halide 
that needs only a starting impetus given by the 
carbonyl compound. In order to minimize this 
effect only a small portion of the alkyl halide was 
added at the start of the reaction, and the re- 
mainder was mixed with the carbonyl compound 
for gradual addition during the reaction. 

After the reaction had been carried to comple- 
tion, the mixture was decomposed either by pour- 
ing it into ice water or by direct addition of water 
to the mixture in the flask. If any sodium was 
visible in the flask, the treatment with water was 
preceded by the addition of small amounts of 
After complete hydrolysis, the two 


ethyl aleohol. 
laver 


were separated and the organic 


layers 
The or- 


washed with several portions of water. 
ganic substance was finally dried over a suitable 
drying agent. In those cases where the products 
of reaction were well known, only those physical 
constants that were deemed necessary to identify 
the product were determined. 

Some of these reactions have been used for 
large-scale synthesis; the equipment used in these 
cases has been described prey iously [S]. 


Methyl isobutyrate, t-butyl chloride, methyl 
n-butyrate, isobutyl chloride, n-propyl chloride, 
and n-butylehloride were all made by standard 


Ethyl trimethylacetate and hexa- 
(2,2,4,4-tetramethyl-3-pentanone ) 


procedures. 
methyvlacetone 
were prepared by methods previously deseribed 
IS}. Pentamethylacetone (2,2,4-trimethyl-3-pen- 
tanone) was prepared by a large-scale run of the 
reaction between ethyl trimethylacetate and_ iso- 
propyl chloride by the method described herein. 
Pinacolone (3,3-dimethyl-2-butanone) [8] was pre- 
pared by the oxidation of 3,4,4-trimethyl-2-pen- 
tene [8] with sulfurie acid-dichromate solution in a 
manner analogous to that used previously for the 
preparation of 4,4-dimethyl-2-pentanone [8]. The 
other materials were obtained commercially. 

Only constant-boiling materials that were col- 
lected from distillation in a 180 by 2.5-em Whit- 
Lux [16] column were used in the 
Several of these columns were used; 


more and 
synthesis. 
some were packed with glass helices, the others 
were packed with stainless steel helices, but all 
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were equipped with the type of distillines |p, 
recently deseribed [7]. 

Solvents used for the reactions were remoy, 
by distillation through these columns; the resid, 
were distilled (generally at reduced presstires 
a Podbielniak Hyper-cal column or in a Clais 
flask fitted with a short fractionating columy 

Yields were calculated on the basis of +), 
amount of carbonyl compound that was addy 
to the reaction. Table 1 summarizes data o). 
tained on the several products, together w) 
results reported in the literature. 


1. Diisopropyl Ketone and n-Propyl Chloride 


Sodium sand (69 ¢, 3 ¢ atoms) was added to 
liter of isooctane in the reaction vessel. 7! 
and a solution ; 


’ 


contents was heated to 80° C, 
114 gof diisopropyl ketone (1 mole) and 157 ¢ o/ 
n-propyl chloride (2 moles) was gradually ad¢ 

After the reaction began, the temperature rose | 
95° ¢ 
characteristic ® 
and addition of the ketone-halide solution was 


‘ which caused considerable refluxing. — 7! 


greenish-black color appear 


continued at such a rate as to insure vigor 
refluxing. Addition time was approximately 
hours. After standing overnight the react 
mixture was hydrolyzed, and the organic lay 
was washed and dried. lsooctane and wi 
acted n-propyl chloride were removed by disti 
tion, and the residue was distilled at redw 
pressure (Claisen flask). 
10 ¢ of recovered diisopropyl ketone, and SI ¢ 


There was obtai 


2-methyl-3-isopropyl-3-hexanol (32% yield). Th» 
carbinol has been prepared by George [5] in 
percent vield by the reaction of n-propyl-may 
The res 
due (50 g) was a viscious material (boiling po 
200° C, np” 1.4590), and presumed to | 
bimolecular product from condensation of dis: 


nesium halide and diisopropyl ketone. 


propyl ketone. 
2. Diisopropyl Ketone and Isobutyl Chloride 


A solution of 155 g of isobutyl chloride 
moles) and 96 g¢ of diisopropyl ketone (0.84 mer 


| 


was diluted with 200 ml of isooctane and ad 


This reaction is visualized as starting with the formation 
kety! as the first step Vhis ketyl ts colored an intense dark blur 
purple, or black, depending, it seems, on one or a combinatiot 
factors. It has been noted that in several reactions tried, whe 

It is sigt 
At this stu 


very stnall amount of ketone is present in relation to the amour 


failed to occur, no characteristic color was observed 


this color appears first on the surface of the sodium 


the color often disappears as the ketone reacts 
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Yield per Refractive —_— 
, ensity, 
remoy Reaction Product centage Boiling point 0 Reference 
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Reaction 


Reaction Product 


f 
‘entamethylacetone 


Ethyl! 
propyl chloride 


trimethylacetate 
2,2,4-trimethyl-3-pentanol 


2, 2,4-trimethyl-3-isopropyl-3-pen 
tenol 


| 


Paraldehyde and ¢-buty! chloride No product 


Peraformalde hyde and ¢-but yl chlo do 


rick 
Acetamic 


and ¢-but vl chloride do 


Acetic do 


rick 


inhydride and ¢-butyl chlo 


Yields based upon the carbonyl or ester compound 


products—Continued 


Yield per Refractive 
centage 
of theory 


Density, 


Boiling point px 


20 
index, np 


Cimm He 


{110/33 


108 v0 104/87 


Phe temperature conversion to 760 mm Hg was done by a method described by Lippencott [11] 


ire from the literature 
for this compound was made by E 


+ The 
* A freezing point of —10.1° ¢ 


data in italics 
H. Rich 


§ The values for a known sample of 2,2,3,6,6-pentamethyl-3-heptene-5-one, 


* Obviously, a mixture of ketone and carbinol. 
Constants from the carbinol previously prepared in this laboratory. 


over a period of 3 hours to a suspension of 69 g 


of sodium sand (3 g atoms) dispersed in 1 liter of 


isooctane at 80°C. The reaction mixture turned 
purplish blue as soon as the addition was begun, 
and the temperature rose quickly to 98°C. Stir- 
ring was continued for 1 hour after the addition 
was completed. The reaction mixture was hy- 
drolyzed after standing overnight, and the organic 
laver washed several times with water and dried. 
The isobutyl chloride 
were distilled off, and the residue was distilled 
(Claisen flask) 
2,5-dimethyl-3-isopropyl- 


solvent and unreacted 


under reduced to give 
20 (14% vield) of 
3-hexanol 


pressure 


ou 
— 


3. Pentamethylacetone and Methyl Bromide 


A suspension of 69 ¢ of sodium sand (3 g atoms) 
in a solution of 128 g of pentamethylacetone (1 
mole) and 1 liter of isooctane was heated to 80° C. 
An excess of methyl bromide was added from a 
' tube 


ah 
rhe 


reaction began in the usual manner, with the 


methyl bromide dispenser‘ through a 


extending below the surface of the liquid. 


temperature rising quickly to 98° C, and the 
appearance of the blue color. Stirring was con- 


tinued for 1 hour after all of the methyl bromide 


* Arrow Products ¢ Carlstadt, N. J 
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48 measured in this laboratory 


had been added, and the contents of the flask was 
allowed to stand overnight. The reaction miv- 
ture was worked up in the usual manner, and t! 
isooctane and unreacted methyl bromide w 
by The residue, wh 
was distilled pressure (Podbielni: 
still), vielded 62 g¢ of ,3,4-tetramethyl-3- 
tanol, (0.43 mole, 43% yield). 


removed distillation. 


at reduced 
99 


4. Pentamethylacetone and Methyl [Iodide 


Pentamethylacetone (128 g, 1 mole) and 2M 


methyl iodide (2 moles) were diluted with 2 


g 
ml of isooctane and added over a_ period of ° 
hours to a suspension of 69 g¢ of sodium sand 
A raj 


by t 


g atoms) in 300 ml of isooctane at 80° C. 


rise in temperature occurred, followed 
appearance of the characteristic blue color. Af! 
standing overnight the reaction mixture was hyd 
lyzed, and the organic layer washed several tin 
with water and dried. The solvent and unreact 
methyl iodide were removed by Cistillation, a! 
the under reduc 
pressure, (Claisen flask) gave 41. 


2,2,3,4-tetramethyl-3-pentanol. 


residue, which was distilled 


5 g (29% yield 


5. Pentamethylacetone and Ethyl Bromide 


A solution of 163 g of ethyl bromide (1.5 mol 
64 ¢ of pentamethylacetone (0.5 molec) \ 


cr 


— 


and 
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2 g of sodium sand (3.1 g atoms) 

led in 900 ml of isooctane. The reaction 
n the usual manner with the appearance 

blue color and a rise in the temperature from 
98°C. After standing overnight the reac- 
iixture was hydrolyzed, and the organic 
was washed and dried.  Isooctane was 

mwmoved by distillation, and the residue was dis- 
a reduced pressure (Claisen flask) to 

5 2 (44% vield) of 2,2,4-trimethyl-3-ethyl- 

[14] prepared the same 
varbinol in vield by 
methvlacetone and ethylmagnesium bromide. 


-pentanol, Nasarow 


7-percent using penta- 
A large run of this reaction has been carried 
More precise data on 


out as a part of a synthesis. 
ihe physieal properties of the carbinol, its dehy- 


lration, and identification of 4,4-dimethyl-3-iso- 
opyl-2-pentene as the dehydration product will 

reported when further work, which is now in 
progress, has been completed. 


6. Pentamethylacetone and Isopropyl Chloride 


\ solution of 64 g of pentamethylacetone (0.5 
wle) and 98 g of isopropyl chloride (1.25 mole) 
vas diluted with 250 ml of isooctane and added 
to a reaction flask containing 72 g (3.1 g atoms) 
f{ sodium sand in 300 ml of isooctane at 80° C. 
The usual procedure was carried out, and the 
rganic layer was worked up in the usual manner. 
\fter removing the solvent, the residue was dis- 

led at reduced pressure (Claisen flask) to give 
ig (42% yield) of 2,2,4-trimethyl-3-isopropyl- 
‘-pentanol. This carbinol was prepared by Bart- 
ett and Schneider [1] in 6-percent vield from the 
eaction of diisopropyl ketone with t-butyl chloride 


by means of sodium. 
7. Hexamethylacetone and n-Propyl Chloride 


A solution of 142 ¢g of hexamethylacetone (1 
mole) and 157 g of n-propyl chloride (2 moles) 
vas diluted with 200 ml of isooctane. This solu- 
on was added to 69 ¢ of sodium sand (3 g atoms) 
1 600 ml of isooctane at 80° C over a period of 2 
ours. A sudden rise in temperaure occurred and 
vas followed by the appearance of the usual blue- 
lack color in the reaction mixture. After stand- 
ig overnight the contents of the flask was hydro- 
vzed, washed, and dried. Isooctane and un- 
acted n-propyl chloride were removed, and the 

was distilled at reduced pressure in a 
flask. 


rr ° ' . 
There was obtained a 38-percent 
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yield of 2,2-dimethyl-3-t-butyl-3-hexanol. Two 
analyses ° on this carbinol gave (1) C, 77.6 percent 
H, 14.3 percent and (2) C, 77.6 percent; H, 14.7 
The calculated values are: C, 77.42 per- 


The molecular refrac- 


percent, 
cent; H, 13.98 percent. 
tions were determined: MR 
MR (ealeulated),® 58.86. 

It is presumed that the carbon and hydrogen 


(observed), 58.97 


analyses are high due to the presence of some 
olefinic material formed by the dehydration of 
the carbinol during distillation. 


8. Hexamethylacetone and (-Butyl Chloride 


A solution of 71 g of hexamethylacetone (0.5 
mole) and 138 g of t-butyl-chloride (1.5 moles) 
was added to 69 g¢ of sodium sand (3 g atoms). 
The reaction began at 78° to 80° C, but it did not 
well. Considerable gas, probably iso- 


butylene, was given off during the reaction. The 


proceed 


ketone-halide solution was added to the reaction 
mixture over a period of 2 hours. The contents 
of the flask was worked up in the usual manner, 
and the solvent was removed at atmospheric 
The residue (85 ml) was distilled from 


a Claisen flask at reduced pressure to give: 25 


pressure. 


ml of residual isooctane, 36 g of recovered hexa- 
methvlacetone, boiling point 65° to 72° C at 32 
mm Hg, np =1.4133 to 1.4195, and 3 ml of 
heavy viscous material of unknown composition. 
Anattempt tocrystalize tri-t-butyl carbinol [1] from 
a pentane solution of the residue by using first 
an ice-salt mixture and secondly a dry ice and 
acetone mixture, failed to vield any solid material. 


9. Pinacolone and n-Butyl Chloride 


A solution of 100 ¢ of pinocolone (1 mole) and 
185 g of n-butyl chloride (2 moles) in 700 ml of 
isooctane was added to 69 a of sodium sand (3 
¢ atoms) in 300 ml of isooctane at 80° C over a 
The reaction that ensued was 
After stand- 


ing overnight, the reaction mixture was worked 


period of 2 hours. 
similar to those already described. 
up in the previously described manner. The iso- 
octane and unreacted n-butyl chloride were re- 
moved at atmospheric pressure, and the residue 
was distilled at reduced pressure in a Claisen 
flask. There was obtained 43 ml of material 
having these properties: boiling point, 103° to 


ED 
5 We are indebted to the Analytical Chemistry and Standard Sampl 
Sections, NBS, for the carbon and hydrogen determination 


* Lorentz-Lorenz equation 





107° C at 30 mm Hg, n7’=1.4487 D”=0.8439. 
The reported constants for the expected product, 
2,2,3-trimethyl-3-heptanol, are boiling point, 84° 
to 87° C at 13 mm Hg, nn? 1.4409, D®” 0.8487 
[3]. Sinee the constants of the fraction obtained 
do not agree with the reported values, it was 
presumed that pinacolone had dimerized in the 
presence of sodium to yield, after dehydration, 
2,2,3,6,6-pentamethyl-3-heptene-5-one, boiling 
point, 83° C at 10.5 mm Hg, nj =—1.4498, D* 
0.8432. A carbon and hydrogen determination 
gave C, 79.1 percent; H, 12.6 percent. The cal- 
culated values for the dimer are: C, 79.12. per- 
cent; H, 12.08 percent, and for 2,2,3-trimethyl-3- 
heptanol, C, 76 percent; H, 13.92 percent. The 
formation of the dimer was expected rather than 
the addition reaction, because pinacolone, being 
a methyl ketone, easily aldolizes in the presence 
of sodium. 

A 2,4-dinitrophenylhydrazone was 
from some of this material, which melted 146.5° 
to 147° C. 
from an authentic sample of 2,2,3,6,6-penta- 
methyl-3-heptene-5-one and melted at 147° to 
147.5° C. A mixture of the two derivatives 
melted at 146.0° to 146.5° C. Hence the main 
produce from this reaction was the dehydrated 
bimolecular product from pinacolone. 


10. Methyl n-Butyrate and ¢-Butyl Chloride 


prepared 


The same derivative was prepared 


A solution of 102 g of methyl n-butyrate (1 
mole) and 368 g of t-butyl chloride (4 moles) was 
added over a period of 3 hours to 46 g (2 g atoms) 
of sodium sand in 200 ml of isooctane at 80° C, 
After standing overnight the mixture was hydro- 
lyzed, and the organic layer was washed several 
times with water and dried over anhydrous sodium 
The isooctane was removed, and the 


reduced pressure in a 


carbonate. 
residue was distilled at 
Claisen flask. There was obtained thereby 11 ¢ 
(9% yield) of 2,2-dimethyl-3-hexanone. 

Since more information was desired on this 
reaction than was afforded by the small-scale run, 
a large run was made. A solution of 17.6 kg of 
t-butyl chloride (190 moles) and 7.54 kg of ethyl 
n-butyrate (65 moles) was added over a period of 
7 hours to 6.9 kg of sodium sand (300 g atoms) in 
10 gal of isooctane at a temperature of 55° to 60° C 
under a nitrogen atmosphere. The reaction 
mixture turned greenish-black during the course 
of the addition and evolved large quantities of gas, 
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probably isobutylene. The reaction mixt ire wa. 
stirred overnight at a temperature of 56° 

Five gallons of 95-percent ethanol was thy 
added over a half-hour period, and the inixtyy, 
was kept at reflux temperature all day in order jy 
remove as much as possible of the excess sodiyy 
This was followed by 10 gal of water, which wa 
added cautiously to the cooled reaction mixtyy 
under a nitrogen atmosphere during 6 hows 
After the last traces of sodium had disappears 
the mixture was washed three times with a lary, 
amount of water. About 8 to 10 gal of organy 
material was obtained, which was dried oye 
calcium chloride prior to distillation. 

The isooctane was removed at atmospher) 
pressure, and the residue, 2,500 ml, was submits 
to vacuum distillation (Podbielniak). 
obtained 552 g of 2,2-dimethyl-3-hexanone (4 
moles, 6.69%) and 408 g of 2,2-dimethyl-3-hexano! 
(3.1 moles, 4.8%) |10]. There were no fractions 
that could be identified as the desired produc 
2,2-dimethyl-3-t-butyl-3-hexanol. 

The poor recovery of starting materials is 
dicative of the fact that little coupling occurre 
the boiling points of the coupling products are al! 
well above that of isooctane, and they woul 
certainly have appeared in the residue left upe: 
stripping the isooctane. Hence their absence ea 
only be accounted for as a consequence of sil 
reactions. The t-butyl chloride was lost part) 
as isobutylene during the course of the reactioi 
and the remainder distilled with the isooctai 
during the stripping operation. The ester mus! 
have been lost as a consequence of alkaline hy- 
drolysis when the reaction mixture was worked \ 
the hydrolysis products being discarded with tly 
raffinates. 


1l. Methyl Isobutyrate and ¢-Butyl Chloride 


There wer 


In a 50-gal stainless steel reactor, 6.9 kg 0! 
sodium sand (300 g atoms) was prepared in 
gal of isooctane. To this was added 17.6 kg 0! 
t-butyl chloride (191 moles), and the mixture was 
heated to 45° C, after which 6.4 kg of meth 
isobutyrate (62.8 moles) was added over a perio 
of 6 hours. The reaction mixture was stirrte 
overnight and hydrolyzed. The organic laye 
was separated, washed, and dried. Isooctane aie 
unreacted t-butyl chloride were distilled at atmo» 
pheric pressure. The following compounds we! 
isolated from the residue by distillation on * 


Journal of Research 





niak column: 59 g of hexamethylethane, 
of pentamethylacetone (50°) yield), 599 
.4-trimethyl-3-pentanol, and ‘ g of 
(19% 
The latter carbinol was prepared in 15- 
vield by Bartlett and Schneider [1] by the 
of pentamethylacetone, t-butyl chloride, 


tetramethyl-3-isopropyl-3-pentanol 


; sodium. 


12. Diethylcarbonate and ¢-Butyl Chloride 


Ethyl trimethylacetate (9° yield) and hexa- 
ethvlacetone (9°% vield) were obtained from the 
action of 277 g of t-butyl chloride (3 moles) and 


= 


i g of diethylearbonate (2 moles) in the presence 
(92 g of sodium sand (4 g atoms) using petroleum 
ther as the solvent. There was considerable 
jifficulty in starting the reaction, but once started 

reaction became very vigorous. The sodium 
imed black, then bronze, and the reaction mix- 
re thickened considerably so that additional 
After 
vdrolyzing the reaction mixture, the organic 


After 


moving the petroleum ether, the residue was 


olvent was required to permit stirring. 
hver was worked up in the usual manner. 


jistilled in a Podbielniak column to give 0.185 
ole of ethyl trimethylacetate, and 0.176 mole 
f hexamethylacetone 
{ second run was made by using the same 
buantity of materials, but isooctane was used as 
solvent. From the residue 25 g of solid 
which was identified as 


‘), and a very high 


melting point, 78° C 


ivaloin (melting point, 80° ¢ 


oiling material were obtained. There were no 
ractions isolated having the properties of either 


thvl-trimethylacetate or hexamethylacetone. 


3. Ethyl Trimethylacetate and Isopropyl Chloride 


In a 50-gal stainless steel reactor, 15.4 lb of 


odium sand (300 g atoms) was prepared in 10 


al of isooctane. To this there was added, over 
period of 6 hours, a solution of 180 moles of 
opropyl chloride and 60 moles of ethyl trimethyl- 
cetate The exhibited the 
haracteristic appearance of a blue color accom- 


reaction mixture 
anied by a rise in the temperature to 54° C. 
he reaction was kept at 50° to 70° C by means 
After stand- 
g overnight, excess sodium was destroyed by 5 
ul Ol 10-proof ethyl aleohol, followed by ample 
The organic 


| warm water in the kettle jacket. 


lantilies of water for hydrolysis. 
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layer was separated, washed several times with 
water, and dried over anhydrous calcium chloride. 
Isooctane was distilled off, and the residue was 
distilled at Podbielniak 
column. The following products were isolated 


and identified from their physical constants: 2.5 


reduced pressure in a 


moles (4% yield) pentamethylacetone, 2.73 moles 
(4% vield) 2,2,4-trimethyl-3-pentanol, and 32.6 
moles (54% yield) 2,2,4-trimethyl-3-isopropyl-3- 


pentanol. Distillation data are shown in figure 1. 








2000 

RE VERY » 

Figure 1, 
interaction of ethyl 


chloride . 


Results of distillation oJ the 
trimethylacetate and 


pr oducts fi om 
isoprl opyl 


The small plateau in the boiling point curve, beginning at about 1,000 ml 
distilled, represents pentamethylacetone; the next small plateau represents 
2,2,4-trimethyl-3-pentanol The long plateau represents 2.2,4-trimethvl-3- 


isopropyl-3-pentano! hese curves are similar to those obtaine 1 in the other 


experiments 


14. Paraldehyde, Paraformaldehyde, and ¢-Butyl 
Chloride 


An attempt was made to extend the Bartlett- 
Schneider reaction to include the reaction of an 
aldehyde with an alkyl halide. Because monomeric 
aldehydes aldolize under alkaline conditions, it was 
decided to try paraldehyde and paraformaldehyde. 

A mixture of 132 g of paraldehyde (0.5 mole) and 
138 g of t-butyl chloride (1.5 mole) was added in 
small portions to 39 g of sodium sand in 400 ml 
The temperature of the reaction 
until all of the 
There was no evidence 


of isooctane. 
mixture was maintained at 80° C 
mixture had been added. 
of reaction at this temperature; consequently the 


After 


standing overnight, no reaction had taken place. 


mixture was heated to 90° C for 1 hour. 
The experiment was discontinued. 
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A similar attempt was made with paraformalde- 
hyde and t-butyl chloride as reactants, but no 
reaction was observed. 


15. Acetamide and /-Butyl Chloride 


Small portions of 59 g of acetamide (1 mole) and 
277 g of t-butyl chloride (3 moles) were added to 
a reaction vessel containing 69 g of sodium sand 
(3 g atoms) in | liter of isooctane. The reaction 
was very sluggish with evolution of a gas (probably 
isobutylene), and the temperature did not rise 
above the initial temperature of 80° C. After 
hydrolysis with ethyl alcohol and water, a strong 
odor of ammonia developed indicating hydrolysis 
of the acetamide to acetic acid. Fractionation 
(boiling point 78° Cn, =1.3862) 
This is not sur- 


gave a cut 
identified as ethyl acetate [9]. 
prising, since acetic acid and ethyl aleohol could 
esterify under conditions of the experiment. No 
other reaction product was obtained. 


16. Acetic Anhydride and /-Butyl Chloride 


In a large Erlenmeyer flask, 94 ml of acetic 
anhydride was added to 23 g of sodium sand in 100 


> 


ml of isooctane. The mixture was heated to 75 
C, and 217 ml of ¢-butyl chloride was added in 
small amounts. From time to time the flask was 
heated on a hot plate. There were no visible signs 
of reaction, nor did any reaction occur when the 
contents of the flask was heated to the boiling 
point of isooctane (boiling point, 99° C). The 
addition of t-butyl chloride was discontinued, and 
the reaction mixture was allowed to stand over- 
No change had taken place during the 
the experiment was therefore dis- 


night. 
night, and 
continued, 


Ill. Summary 


In the study of these condensation reactions, 
seventeen runs were made, of which nine were of 


the aliphatic ketone-aliphatic halide typ , foy; 
were of the aliphatic ester-aliphatic halid: typ, 
and four were a miscellaneous type. In thos 
reactions that produced desirable compounds, ¢)) 
vields were as good or better than where jy 
Grignard reagent was employed. 

This reaction is apparently, applicable to com. 
pounds whose carbonyl group is sufficiently , 
from 
aldolization, or hydrolysis. 
results obtained in this work. 


moved influences that cause enolizatio 


Table 1 is a résumé 
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‘of Barium 2-Ketolactobionate and the Corresponding 
ati Barium Bromide Double Salt '* 


By William W. Walton and Horace S. Isbell 


As a preliminary step in the development of methods for the preparation of 2-ketoaldo- 
bionic acids for use in the synthesis of glycosidic derivatives of ascorbic acid, the preparation 
of 2-ketolactobionice acid has been studied. By oxidation of lactose osone with bromine in 


the presence of barium carbonate, barium 2-ketolactobionate was obtained and separated 


Sha 
” in the crystalline state. In addition to the normal barium salt, a double salt containing 
m. S barium bromide was found. This salt is unique in that it is the first and only crystalline 
barium bromide salt of a sugar acid reported in the literature. It crystallizes freely and is 
useful for the separation and identification of 2-ketolactobionic acid. 
Vi\ 
50, is I. Introduction development of methods for their production. The 


In consideration of the relationship between the 

Pomer. carbohydrates and vitamin C and the prevalence 
f glycosides in natural products, it seemed de- 
sirable to undertake the preparation and study of 

aay some glycosidic derivatives of ascorbic acid. The 
most natural course for the synthesis of the glyco- 
192] sidic derivatives of ascorbic acid is through the 
Ind. ¢ intermediate production of 2-ketoaldobionic acids. 
The esters of certain 2-keto acids undergo lactoni- 
zation and enolization with the formation of as- 
corbic acids [1, 2, 3].2 Thus one might expect 
that methyl 2-ketomelibionate on treatment with 
i936 JJsodium methylate in methanol would give the 


-— 
o 


8, 2007 


Soc. 33, 


eGr following reaction: 
m. H H H OH ; 
NaOCH, 
CsHunOe—C—C Cc C C—C-—-OCH: - 
CH,OH 
H OH OH H oO 0 
Methy! 2-ketomelibionate 
H H H OH OH 
CeHunOs—C—C C—C C C=O 
H OH O 
6-galactosylisoascorbic acid 
lhe facility with which esters of 2-ketoaldonic 
wis yield ascorbic acid derivatives has led to the 


earch ff 5arium 2-Ketolactobionate 


most generally used method consists of oxidation 
of ketoses with potassium permanganate. With 
this method, it is necessary to protect the hydroxy] 
groups other than those attached to carbons one 
and two, as for instance by preparing acetone de- 
rivatives. It has been found, however, that L-sor- 
bose [4] and p-fructose [5] can be oxidized directly 
with nitric acid to 2-keto-1-gluconic acid and 2- 
keto-p-giuconic acid, respectively. In some cases 
the aldonic acids or their esters can be oxidized, 
and the keto acid or its ester can be obtained di- 
rectly. This has been accomplished by several 
methods, notably by anodic oxidation of a salt of 
the aldonic acid [6] and by oxidation of the aldonic 
acid, its lactone, or ester with a chlorate in the 
presence of vanadium pentoxide [7]. The latter 
method requires the presence of an acid and is 
not suitable for the preparation of keto acids con- 
taining easily hydrolyzable glycosidic groups. 

A method that does not require the presence of 
an acid consists of the production of the sugar 
osone followed by oxidation with bromine in sub- 


—— 


Abstracted from a thesis submitted by William W. Walton in June 1947 
to the faculty of the Graduate School of the University of Maryland, repre 
sented by Nathan L. Drake, in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy 

? Presented before the Division of Sugar Chemistry and Technology of the 
American Chemical Society at New York, Sept. 1947. 
3 Figures in brackets indicate the literature references at the end of this 
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stantially neutral solution. The procedure is 
suitable for use with osones derived from both 
monosaccharides and disaccharides, and it has 
been applied to a number of osones including 
The product from maltosone was 
reported to be amorphous and was undoubtedly 
an impure salt of 2-ketomaltobionic acid. As 


maltosone [8]. 


mentioned before, the enolization and lactoniza- 
tion of certain 2-ketoaldobionic acids would be 
expected to yield ascorbic acid derivatives of the 
desired type. 2-Ketomaltobionic acid and 2-keto- 
lactobionic acid, however, contain substituents on 
the fourth carbon atom that prevent ring closure 
For this reason they cannot 
Nevertheless, on 


to that carbon atom. 
yield ascorbic acid derivatives. 
account of the ready availability of lactose it was 
selected for preliminary study of oxidation 
methods. 


II. Barium 2-Ketolactobionate and Its 
Barium Bromide Double Salt 


As an intermediate in the preparation of 2-keto- 
lactobionic acid, it was necessary to prepare lac- 
tose osone. Ordinarily osones are obtained by 
reaction of phenylhydrazine with the sugar fol- 
lowed by treatment of the resulting phenylosazone 
with benzaldehyde [9] to remove the phenylhydra- 
zine. In some cases osones have been obtained 
by direct oxidation of the sugar with copper 
acetate [10]; but this method is not applicable to 
disaccharides, because the reaction is slow and 
Hence, the 
The lactose osone was 


considerable hydrolysis takes place. 


first method was adopted. 
oxidized with bromine in the presence of barium 
carbonate, the resulting barium bromide was re- 
moved by treatment with silver sulphate, and 
barium 2-ketolactobionate was crystallized from 
the solution. Barium 2-ketolactobionate is the 
first crystalline metallic salt of a 2-ketoaldobionic 
It is quite soluble and does 
not crystallize easily. It was found, however, 
that barium 2-ketolactobionate forms a double 
salt with barium bromide, which crystallizes 
readily. The salt appears to be somewhat anal- 
ogous to calcium lactobionate-calcium bromide 
{11}. Nevertheless, it is unique in that it is the 
first and only crystalline salt of a sugar acid to 
contain barium bromide. Photomicrographs of 
the normal salt and the double salt are shown in 
figure 1. 


acid to be prepared. 
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A, Barium 2-ketolactobionate fare 


[a}?? 37.9°, B, Barium 2-ketolactobionate-barium 
mide tetrahydrate, {a}? 28.2°.( 250). 


The double salt is particularly suitable for th 
separation of 2-ketolactobionic acid from 
mixture obiained by the oxidation of lactose oson 
with bromine because it crystallizes freely from 
the impure mixture, and the barium bromi 
necessary for the formation of the salt is 4 
byproduct of the reaction. The salt is charae- 
teristic of the 2-ketolactobionic acid structw 
and should be useful for identification purposes 
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Il. Structure of Barium 2-Ketolactobio- 
nate and its Barium Bromide Double 
Salt 


To establish that the normal barium 2-keto- 
lactobionate and the barium bromide double salt 
are derivatives of the same 2-ketoaldobionic acid, 
the normal salt was prepared from the double 
bromide with 
Further- 
more, by the addition of a mole of barium bromide, 


salt by removal of the barium 


silver sulfate followed by crystallization. 


the double salt was regenerated from the normal 
salt 

Since the synthesis began with lactose, (4-8-p- 
galactosyl-p-glucose), in order to establish the 
structure of the new compound it was necessary 
1) to prove that the biose linkage was still 
present and (2) to identify the products of hydrol- 
ysis as pD-galactose and 2-ke.o-p-gluconic acid. 
Enzymatic hydrolysis of the substance with a 
sample of lactase * established the existence of 
the biose linkage. Galactose was separated from 
the products of hydrolysis and identified by its 
melting point and optical rotation. Its presence 
in the hydrolytic mixture was also shown by the 
Faction of a galactose-fermenting yeast. The 
2-ketogluconic acid was identified by separation 
f the characteristic phenylhydrazine salt of the 
phenvlhydrazone 

This experimental work shows that the new 
compound is the barium salt of 4-8-p-galactosyl-2- 
eto-p-gluconic acid (2-ketolactobionic acid). The 
freshly dissolved salt gave a specific rotation of 
36.4°,4 minutes after dissolution, which changed 
to —37.9° in 45 minutes. The lack of a more 
extensive mutarotation is peculiar in light of the 
swilarity of the substance to fructose and lactu- 
Lost 2-Ketolactobionic acid, like lactulose, has 
the fructose structure; it differs from lactulose 
1-3-p-galactosyl-p-fructose) in having a carboxy] 
group in place of the terminal hydroxymethyl 
group. Fructose crystallizes in the pyranose form 
but establishes an equilibrium containing a sub- 
stantial proportion of the furanose modification. 
Lactulose crystallizes in the furanose form, but 
ts equilibrium state is very similar to that of 
fructose [12]. 


lructose structure are thus known to exist in both 


Since crystalline sugars having the 


nose and pyranose forms, it is not possible to 


tase was kindly supplied by the research laboratories of Rohm & 
leiphia, Pa 


Barium 2-Ketolactobionate 


draw a conclusion concerning the ring structure 
of the crystalline barium salt by analogy to similar 
compounds. 

It has been shown previously that an equilibrium 
state involving both pyranose and furanose modi- 
fications is particularly sensitive to changes in 
temperature, and that this equilibrium can be 
studied by measurements of optical rotation at 
various temperatures. A comparison of the 
equilibrium rotations of barium 2-ketolactobionate, 
lactulose, and levulose at two temperatures ts given 
in table 1. 
appreciably altered by a change in temperature, 
The like behavior of 
the compounds is evidence that they establish 
Hence, 
fructose and 


In each case the optical rotation is 
and in the same direction. 
similar equilibrium states. barium 2- 
ketolactobionate, like lactulose, 
establishes an equilibrium state containing sub- 
stantial amounts of both pyranose and furanose 
modifications. The lack of a more extensive 
mutarotation for the salt must be explained by 
changes too rapid to be detected, or by the pres- 
ence of more than one modification of the sugar 
entity in the barium salt at hand. 

TABLE 1 


Compa son ot optical rotation 


quilibrium rotation 


Barium 2-ketolactobionate 
Lactulose 


Levulose 


* Temperature 0.6° C, 


IV. Experimental Details 


1. Preparation of Lactose Phenylosazone 


One hundred and eighty grams of lactose was 
dissolved in 1 liter of water, and 164 ml of phenyl- 
hydrazine and 328 ml of a 50-percent aqueous 
solution of acetic acid were added. The mixture 
was heated in a water bath for 2 hours at 80°C, 
cooled, and stored in a refrigerator overnight. 
The osazone was removed by filtration, washed 
with dilute acetic acid, water, and finally with 
The product was recrystallized from 20- 
alcohol. The 


ether. 


percent aqueous yield was 3S 


percent. 





2. Preparation of Lactose Osone 


Seventy grams of lactose phenylosazone was dis- 
solved in 6 liters of hot water, 56 g of benzaldehyde 
was added, and the mixture was stirred vigorously 
while being heated on the steam bath in an atmos- 
phere of nitrogen for 4 hours. The solution was 
cooled and filtered and the filtrate extracted several 
times with ether to remove excess benzaldehyde. 
The aqueous solution was then treated with a 
decolorizing carbon, filtered and concentrated 
under reduced pressure to a volume of 800 ml. 
The yield on several preparations was about 
65 percent 


3. Preparation of Barium 2-Ketolactobionate- 
Barium Bromide 


The aqueous solution of lactose osone obtained 
above, 800 ml in volume, was saturated with car- 
bon dioxide and cooled in an ice bath. Thirty- 
five grams of barium carbonate and 12 ml of 
bromine were added, and the mixture was stirred. 
After 5 minutes the flask was removed from the ice 
bath and the contents was stirred for 's hour at 
room temperature. Most of the excess bromine 
was removed with a 
dioxide and the last trace by reaction with linseed 
oil. After separation from the oil, the mixture 
was filtered, treated with 10 g of a decolorizing 
The colorless filtrate was 


rapid stream of carbon 


carbon and refiltered. 
concentrated under reduced pressure to a volume 
of approximately 50 ml and transferred to a beaker 
with about 20 to 25 ml of washings. In one prep- 
aration crystals separated at this point; in subse- 


quent preparations the sirup was seeded and al- 
vacuum desiccator over 


lowed to stand in a 
sulfuric acid for a period of a day or cwo. The 
crystals were separated, washed with cold water, 
and air-dried. The yield in different preparations 
varied widely; the highest yield was 28.3 g and the 
lowest was 4 g. 

The material was 
Twenty-five grams of the barium 2-ketolacto- 
bionate-barium bromide was dissolved in 475 ml 
of water at room temperature, and the solution 
was filtered with the aid of a little decolorizing 
earbon. The filtrate was concentrated under re- 
duced pressure to a volume of about 75 ml and 
allowed to stand overnight at room temperature. 
The crystals that formed were collected on a funnel, 
washed with cold water and air-dried. Nineteen 
grams of pure barium 2-ketolactobionate-barium 


recrystallized as follows: 
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bromide was obtained. Analysis: Calcula ed {y 
Ba(C,.H,,O,.)2.BaBr,.4H,O: C, 23.7; H, 3.8: By 
22.6; Br, 13.1. Found: C, 23.9; H, 3.8; Ba, 224 
Br, 13.2. At equilibrium, the specific rotatio, 


[a]? 28.2° (water c=2). 


4. Preparation of Barium 2-Ketolactobionate 


Barium 2-ketolactobionate was prepared |) 
oxidation of lactose osone in a manner analogoys 
to the preparation of the double salt. Howevye, 
after treatment of the oxidized solution with eay- 
bon, the barium bromide was removed from | 

filtrate by treatment with silver sulfate and filtrs 
tion. The solutior was concentrated to abow 
50 ml 
methanol was added. 
with erystals of barium 2-ketolactobionate « 

allowed to crystallize for 2 days. 

The material was recrystallized as follows: Sev: 
grams of barium 2-ketolactobionate was dissolvw 
in 20 ml of water, and the solution was filtered wit! 
the aid of a little decolorizing carbon. Abou 
25 ml of methanol was slowly added to the filtrat 
and the solution was seeded and allowed to crvysta 
About 6 grams of recrystallize 


under reduced pressure, and 50 ml of 


The solution was seed 


lize overnight. 
material was obtained. Analysis of the air-t 

salt: Calculated for Ba(C,.H,O,.)..2H,O: C, 32) 
H, 4.8; Ba, 15.5. Found: C, 32.7; H, 4.8; Ba, 157 
At equilibrium, the specific rotation [a]? 37.4 
(water c=2); lal’; 42.3°. 


5. Structure of Barium 2-Ketolactobionate 
(a) Enzymatic Hydrolysis 


A 1.105-g sample of barium 2-ketolactobionat 
was treated with an equivalent amount of 0.5 \ 
sulfuric acid and the solution was stirred for 1 ho 
Twenty-five hundredths gram of calcium car- 
bonate was added, and the solution was stirred 
for 2 hours and filtered. The pH of the solutio 
was adjusted to 6.7 with carbon dioxide. T! 
optical rotation of the solution was 
(4-dm tube). Three-tenths gram of lactase was 
then added, the solution was covered with tolue! 
to prevent mold formation and stored at 30° | 
for 4 days. The optical rotation indicated tha! 
hydrolysis was 70 percent completed. An addr 
tional 0.3 ¢ of lactase was added, and the solutio 
was stored at 30° C for an additional 7 days 
The optical rotation at that time was —1!.'2° > 
(4 dm tube), indicating complete hydrolysi- 
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(b) Identification of Galactose 


hydrolyzed solution obtained in (a) was 
ted from the toluene and filtered. A small 


ty of a galactose-fermenting yeast and 1 ml 


itrient medium were added, and the solu- 
was stored at 37° C for 24 hours. The 

il rotation indicated the destruction of 18 

nt of the theoretical amount of galactose in 

This solution was reserved for part (cc). 

, separate experiment, 2 g of barium 2-keto- 
wtoblonate Was hvdroly zed by dissolving it in 
25 ml of 7.5-percent sulfuric acid and heating the 
soli About 


>> of calcium carbonate was added to the cool 


tion on the steam bath for 4 hours. 


solution, and the mixture was allowed to stand 

rnight It was then filtered and passed suc- 
ssively through a cation exchange resin and an 
nion exchange resin to remove calcium 2-keto- 
wonate. The filtrate was evaporated to a sirup, 
0 ml of methanol was added, and the solution 
was seeded with galactose and allowed to crystal- 
were separated, 


z overnight. The crystals 


ried over caleium chloride, and weighed. <A 
eld of 51 percent of the theoretical amount of 
valactose was obtained The material was re- 
rystallized from a water-methanol solution and 
the melting point found to be 165° C. Muta- 
were made, and the 


otation measurements 


initial rotation 


SO0.2°; muta- 


followine values were found: 
, 140.5 


constant 


final rotation [a] 


otation 0.009, The corresponding 
alues reported for galactose are: melting point, 

to 167° © 150.7 
final rotation fjaj’=80.2 
stant 0.008 to 0.009 depending on the carbon 


initial rotation, [a]? 


mutarotation con- 


lioxide content of the water 


Barium 2-Ketolactobionate 


(c) Identification of 2-Ketogluconic Acid 


The solution from (b) in which the galactose had 
been partially destroyed by fermentation was fil- 
tered and concentrated to a volume of 4 ml. Five 
drop of acetic acid and 5 drops of phenylhydrazine 
were added, and the solution was seeded with 
crystals of the phenylhydrazine salt of the phenyl- 
hydrazone of 2-ketogluconic acid. Crystals formed 
readily, and were separated by filtration, washed 
The melting point was 
The melting 


with ether, and dried. 
95° to 97° C with decomposition. 
point of the phenylhydrazine salt prepared from 
authentic 2-ketogluconic acid was 96° to 98° C 
A mixed melting point of 
to 97° ¢ 


with decomposition. 


‘ 


the two preparations was 95 
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Infrared Prism Spectrometry from 24 to 40 Microns’ 
By Earle K. Plyler 


A prism of KRS-5 (thallium-bromide-iodide) has been used to measure the transmission 


of various substances in the infrared region from 24 to 40 microns 


The prism was installed 


in a Perkin-Elmer spectrometer, and a Golay detector was employed for measuring the energy 


Transmission data were obtained for polystyrene, polyethylene, and different samples of 


KRS—5 


ervstals 


Also measurements have been made 


on the cut-off of KBr, AgCl, and other 


he rotational spectrum of the water-vapor molecule has been measured to 39.2 


microns, and the known frequencies of these absorption bands have been used for the cali- 


bration of the prism 
I. Introduction 


Some of the optical properties of the thallium 
halides have been known for a considerable time. 
The residual rays of some of these substances 

measured by Rubens and Wartenberg! in 

014. The maxima of the reflection bands were 
01.9 u for TIC], 117 » for TIBr, and 152 » for 
Mil. These reflection maxima fallin the long wave- 

ngth region of the infrared. This fact indicated 
that the absorption of the material would not be 
10 or 
Wu. Thallium iodide does not form cubic crys- 


In order to 


‘nse for moderate thicknesses to about 


is and usually exists as a powder. 
ise it for infrared studies, a mixed erystal with 
TiBr from the fused mixture is grown. During 
the war such mixed erystals were grown in Jena. 
The material was called KRS-—5 and consisted 
fabout 42 percent of TIBr and 58 percent of TI. 
\ mixed erystal of TIC] and TIBr was called 
KRS 6 and other materials that were used in the 

ared region were also included in the KRS 
The KRS-5 is highly resistant to water 
ind was found useful on field instruments.  Pre- 


luminary measurements in Germany showed that 
the TIBr-L erystal has a high index of refraction 
the visible and the infrared regions and that in 
icknesses of 2 mm it is transparent beyond 40g. 
In 1945 plans were made at Fort Belvoir and 

National Bureau of Standards for the 
crowing of synthetic crystals of the thallium 


wd H. V. Wartenberg, Berl. Ber (1914 


meeting of the Optical Society of America, Mar 
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halides. At first, considerable difficulty was ex- 
perienced in producing single crystals of sufficient 
Also many of the early crystals 


This difficulty was 


size for prisms. 
became opaque beyond 30 ug. 
overcome when great care was takn in purifying 
the thallium bromide and thallium iodide 


II. Experimental Procedure 


A single crystal of KRS-5 was grown by 
Francis Phelps of this Bureau, and from it a 
prism with a refracting angle of 26° was cut and 
polished in the Optical Shop. The prism was 
annealed before the final polishing. Some ex- 
periments on the polishing were carried out by 
Edgar Robinson, and he was able to get good 
surfaces that are flat to a few wavelengths of 
monochromatic yellow light over a considerable 
part of the prism face. The refracting angle of 
26° was selected, in part, so that the prism could 
be used in a Perkin-Elmer spectrometer with a 
minimum of changes in the instrument. The 
KRS-—5 has a high dispersion in the visible region, 
and the vellow mercury lines are well separated. 
It is possible to obtain an image of about 0.25 
mm of a single visible spectral line by using an 
extremely narrow entrance slit. 

The difficulty of obtaining very narrow images 
appears to be due to lack of homogeneity of the 
prism. If the composition of the crystal varies 
in such a manner that the proportions of TIBr 
and Til differ for different 
crystal, corresponding variations in the index of 


regions within the 
refraction will result for the same regions. <A 
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prism, obtained from another laboratory that was 
recently examined, produced four images of a 
The lack of sharpness of the 
image is not of great importance in the region 
from 25 to 40,4 Because of the small amounts of 
energy radiated by the globar in this region, it is 


single spectral line. 


necessary to use slits up to | mm. 

A Golay detector with a KRS-5 window was 
used as the detecting unit. The energy from the 
exit slit was focused on the blackened receiver by 
means of a lens made from KRS-5. 

The energy is further reduced by the reflection 
For example, at 28 uw the 
and a 26° prism 
loses about 50 perce it of the energy by reflection 


losses of the prism. 
index of refraction is about 2.3, 
when it is traversed twice. Under the same con- 
ditions, a 36° prism loses about 72 percent of the 
incident energy by reflection. Small scratches on 
the surface of the prims do not modify its proper- 
ties for long wavelength energy to any great extent 
but may produce scattering of radiation in the 
short wavelengths. 


III. Results 
The spectrometer, 


K RS_5 prism as the dispersing unit, was calibrated 


infrared containing — the 
for wavelength determinations by the use of the 
known absorption bands of many substances in 
the region from 2 to 40 uw. A graph was made by 
plotting the drum readings of the spectrometer 
as a function of the wavelength. On account of 
the low dispersion of the KRS-5 prism in the 
region from 2 to 15 u, it is not advantageous to use 
a prism of this material for this region. Good 
resolution is obtained in the region from 24 to 40 yu, 
and a more detailed calibration curve has been 


By the 


positions of the absorption bands of chloroform, 


obtained for this range of wavelengths. 


bromoform, carbon disulfide, and carbon tetra- 
chloride, the rotation lines of the water vapor 
The wave 
numbers of these lines in the 24- to 40-a region 
are well known from the work of Randall, Denni- 
Their work was 
carried out with a grating spectrometer, and the 


absorption spectrum were identified. 


son, Ginsburg, and Weber.’ 


resolution is much higher than that obtained with 
the KRS-5 prism. However, many of the ab- 
sorption lines are single and show up distinetly 
on the recorder traces. Where some of the lines 


eo’? H.M. Randall, D. M. Dennison, N. Ginsburg, and L. R. Weber, Phys 
Re , 1% (1935 
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of the water vapor molecule are not separa: od jy 
the KRS-5 prism, an average value is used ‘or th, 
region of maximum absorption. The cali! ratio, 
curve is shown in figure 1. The graph was cray, 
through 
lengths, and a smooth curve was obtained. Thy 
dispersion of the prism in this region is very goo 
six and one half turns of the spectrometer dryy 
being necessary to change from 22 to 39 y 
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a Perkin-Elmer infrared spectromete: 


In the measurement of the water vapor sp 
trum, stray radiation became quite appreciable a 
34 yw, and increased to about 65 percent of the tot 
energy at 40 uw. In figure 2 is shown the wat 
vapor spectrum as measured with an aluminu 
reflector in the source box. 
are resolved in the region of 30.6 uw are separate 
by 4em~'. The spectral slit width of the inst: 
ment using slits of 0.5 mm is much less than 4 em 


and the practical limit is about 2 em™'. 
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the experimentally determined  wayy. 


The two lines that 
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d | In igures 3 and 4 are shown the water vapor 
the BE pes m for the same region using reflectors of 
tition Mak. and NaF. The stray radiation is reduced 
rawn iy about 5 percent at 37 yw, but there is also a 
Vay ed on of the total energy. It is possible to 
TI xtend the measurements with a KRS—5 prism to 
go evond 40 w, but the energy is greatly reduced. 


smal! amounts of energy are transmitted by the 
ism to 41 yw, but only an approximate measure- 
wel of the transmission of substances can be 


ade at that wavelength. 
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The infrared spectrometer with the KRS-5 
rism and filters has been used to measure the 
lrared transmission of different solids. Other 
aterials were sought that would be transparent 
the 24 to 40 w region. In figure 5 is shown the 
ercentage transmission of polystyrene, polyethyl- 
e, KARS-5, KBr, and AgCl. Polystyrene shows 
the highest transmission in this region of any sub- 
stanee measured. The high transparency is part- 


\ sed by the fact that the layer is only 25 » 
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thick. When a l-mm window was used, only 25 
percent of the incident radiation is transmitted at 
33 u. However, for coatings and windows, thin 
films of polystyrene are useful. A layer of poly- 
ethylene 240 yu in thickness also shows high trans- 
mission in this region. Thinner layers show some- 
what higher transmission. The irregular form of 
the transmission curve is probably caused by ab- 
sorption in the polvethylene. Films of (C,F,),- 
(C,H.F,),, and (C,H.Cl,), were also measured, 
but they have low transmission in this region. 
The KBr sample is 6.4 mm thick and transmits 
about 10 percent at 31.5 uw. Thus, in thicknesses 
of 1 mm or less, KBr will be useful as a window to 
30 uw. A sheet of AgCl, 2.1 mm thick, transmits 
10 percent at 27.5 uw. However, the sample is 
slightly discolored and may not have as high trans- 
mission as a clear specimen. 

Many samples of KRS—5 have been examined, 
and in figure 5 is shown the transmission of a clear 
specimen. The transmission at 24.5 yu is approxi- 
mately 70 percent, about the same as at 20 yu. 
Most of the loss of energy is caused by reflection. 
As the wavelength is increased, the transmission 


» 


decreases and is about 45 percent at 37 xu. 
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WAVELENGTH IN MICRONS 


IGURE 5 Transmission of polystyrene 25 microns thick, 


polyeth ylene 240 microns, KRS-5 4 mm, KBr 6.4 mm, 
and AgC] 2.1 mm 


In figure 6 is shown the transmission of other 
samples of KRS-5. The lower curve is for a 
sample that probably contained impurities. One 
sample, for which the measurements are not 
plotted on the graph, became opaque at 26 xu. 

In figure 7 is shown the transmission of four 
chlorides. The PbCl, and TIC] samples were ob- 
tained from the Naval Research Laboratory and 
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kK RS 5, thickness S&S mm, 


the AgCl and KCI samples from Harshaw Chem- 
All of these materials are well suited 
but the AgCl is the only 


ical Co. 
for window materials, 
one of these substances that is not attacked by 
water. 
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In figure S is shown the transmission of KC] 
and TIClLBr in the near infrared region. The 
KCI sample transmitted about 92 percent of the 
The TICLBr reached a 


value of about SO percent at 12 


incident energy at 16 u 


In figure 9, the transmission of four thallium 
The two samples of TICL-Br 
The sam- 


halides is given 
were obtained from different sources 
ples were not annealed and that accounts, in part, 
for their irregular transmission curves. Some of 
the small dips in the graph may represent im- 
purities in the sample. Also impurities may 
cause the different transmitting properties of the 
two samples of TICL-Br 


The technique of growing the thallium halide 
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Transmission of T1Br, of 2 differer 

TICL-Br and of TIC] 


nples were approximately 6 mm in thickne 


crystals has improved in the last vear, and ree 
samples of KRS-5, in 6-mm_ thicknesses, lh: 
shown good transmission to 40 nu. Howeve 
difficult to obtain samples that have the sa 
value for the index of refraction over a large « 
sections would 


section. Some transparent 


make good prisms because of the blurring of | 
image at the exit slit of the spectrometer. The 
problem is now being studied. The KR» 
prism is a valuable addition to the other mate: 
that are in use for infrared spectrometry. 

The measurements made in this work 
carried out with a prism cut from a single « 
and it has been possible to obtain partial resol 
of water-vapor lines separated by 2 em™'. Hi 
ever, in actual operation the spectral slit wid 
are about 4 em™' at 33 4. In the region fron 
to 25 yw, better resolution is obtained with 
KRS-5 than with the KBr prism. The lo 
resolution of the KBr prism in this region proba 
results from absorption by the KBr prism at 2 
and longer wavelengths. 

Further studies on the transmission of liq 
and vapors in the 24- to 40-u region are be: 
carried out and will be reported in a future paj 


WasHineton, May 11, 1948. 
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Mass Spectra of Octanes 
By Evelyn G. Bloom, Fred L. Mohler, J. H. Lengel, and C. Edward Wise 


Mass spectra of the 18 isomers of octane have been measured. The sensitivity at the 


maximum peaks in each spectrum relative to n-butane is computed as well as the total 


ionization relative to n-butane. Tables and plots of relative intensities in the mass spectra 


are given, and some correlations with structure are found. All isomers with a tertiary 


butyl radical have similar spectra. The other isomers tend to dissociate at carbon atoms 


with one or two side chains attached to them. This determines whether the loss of two or 


three carbon groups in dissociation is probable. Loss of four carbon groups is probable 


whenever the molecule ion can break in half in a single dissociation process 


I. Introduction 


Relative intensities of mass peaks are expressed 
in terms of the maximum peaks taken as 100 
Mass spectra of the 18 isomers of octane have percent and include intensities down to 0.01 
been obtained as part of a systematic ove; of percent. The sensitivity at the maximum peaks 
ass spectra of pure hydrocarbons.' It is of is measured in terms of the scale divisions of 


ty _ ° are " tr ce ) re . ‘ 
erest to compare the spectra of these isomers galvanometer deflection per micron pressure in 


and look for possible correlations between the the gas reservoir. The sensitivity at the mass 
structure of the molecules and the mass spectra. 43 peak of n-butane is recorded for each octane 
These octanes are the highest molecular weight 


spectrum, and the ratio of sensitivity of an 


saturate -drocar s for ic "@ St SO . 
aturated hydro arbon: for which pure samples of g¢tane to that of n-butane is a molecular property 
all the isomers are available. nearly independent of the arbitrary units used. 


Unpublished mass spectra of the octanes have Details of the mass spectral data are given in the 


also been computed by the Consolidated Engineer- 
ng Corporation for users of their mass spectrom- 
ter. .A paper on mass spectrometer analyses of 
some liquid hydrocarbon mixtures ? describes the 
practical problems of analysing mixtures contain- 
ing octanes by means of these mass spectra. 


II. Experimental 


Mass spectra have been obtained on a 180° 
Consolidated mass spectrometer equipped with 
utomatie control of the electron current and 
automatic temperature control of the ionization 
Chamber, Standard procedures have been fol- 
owed, and these are given in detail in the API 
Catalog (see footnote 1). Mass spectra were 
ieasured with 50- and 70-v ionization potential, 


values at 50 v are quoted here. 
lata, American Petroleum Institute, Research 
tional Bureau Standards, Washington 25, D. ¢ 
R. C. Taylor, F. W. Melpolder, and W. 8. Young 


MA 


nass spectral 
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API mass spectral catalog (see footnote 1). 

The compounds used were with one exception 
National Bureau of Standards standard samples of 
specified purities between 99.5 and 99.94 mole 
Tetramethylbutane (the only 
octane) Was a sample of better than 98 mole 
percent purity obtained from the Ethyl Corpo- 
ration by API Research Project 6. 


III. Results 


Ne nsitivity and total ionization. 


percent. solid 


Table 1 gives 
data on the sensitivity and total ionization of the 
Column 1 
lists the 18 isomers in the order of increasing com- 


octanes as compared with n-butane. 
plexity of side chains. Column 2 gives the max- 
imum mass peak in each spectrum, and in most 
cases it is mass 43. Four isomers have the max- 
imum at 57, and these are the isomers that have a 
tertiary butyl radical C(CHs)s, and in the case of 2, 
2,3,3-tetramethylbutare, both halves of the mole- 


129 








cule have this structure. Evidently molecule ions TABLE 1. Octane mass spectral sensitinit 20 
containing this grouping have a high probability sof 
of splitting in half. Sensi ~ 
. o » : es tivity at : 
Column 3 gives values of the ratio of sensitivity Maxi- |maximun r 
Vir : Compound mum peak io 
at the maximum octane peak to the Seesitivity at peak relative 
it > sme « . = ton es 
the 43* peak of n-butane. This ratio ranges in butane 
value from 1.40 to 2.76 with no obvious relation | 
2-Octam ai 2. 46 
between the value and the molecular structure. , . L 
2-Methylheptane 4 1. 87 ’ 
The sum of all the mass peaks in a spectrum -MethyIheptane 43 1. 60 } 
. 4- Methylheptane 43 2.13 
multiplied by the sensitivity gives the total ioniza- ee ; rc 
: : . ee 2,2-Dimethylhexane ¥ 2 76 
tion in arbitrary units, and this number divided 2,3-Dimethylhexane 43 1. 63 r 
: 7 ° 2,4-Dimethylt ‘ 43 1.42 
by the total ionization of n-butane is a moleec- SR cscs Neem 
7 F 2,5- Dimethylhexane 43 1. Se . a 
ular property nearly independent of instrumental :,3- Dimethylhexane 43 1. 58 
1. 3,4-Dimethylhexane 54s ' - 
factors. This ratio given in column 4 of table 1, ee : 1. 
}-Ethyvihexane ‘ 2.4 
is 3.12 for n-octane and 1.86 for 2,2,3,3-tetra- 2,2,3-Trimethylpentan 57 2 24 : sok 
. ° > 3.3 imetl vent ‘ 4 ) 
methylbutane with most other values intermedi- RA.S'Tremetnyapentan ‘ 1. 8 } 
. : 2,3,4-Trimethylpentane ‘ 1.w 
ate. It is evident that total ionization depends 2,2,4-Trimethylpentane 57 2 r 
: Noe tet me ; = 
on molecular structure though the correlation > Nethyl, Sethytpenta ‘ 1. 98 
}-Methyl, 3-ethylpentane 45 2.14 = 
with structure is again not obvious. 2,2,3,3-Tetramethylbutane 57 2 44 ‘ 
80 
Relative intensities —Table 2 lists the relative L 
peak heights of 17 mass peaks in the octane spectra « Corrected to 0.675 A magnet current from 0.535 A valu sof 
TABLE 2 Mass spectra of octanes L 
Percentage of maximum peak at m/s values indicated 
4 12 99 «Fr a4 7] 1) 64 7 ") 43 42 ‘1 9 \ 
Octane 4.9 oO. 02 01 w0 4.0 AI 12.2 1.3 “4.2 18.1 1.2 100 15.8 -o 4 » 
2) 2-Me heptane 9 (4 126 1.8 os 129 | 17.2 1.3 73.3 x1 11.1 100 41.9 m.2) 2.712 
}) Me heptane 0 o2 Os 4.0 7.3 1 2.5 ms f ts 11.2 100 7.9 45.9 0.7 s al 
4) 2.4-Mey> hexane 1.7 1.1 46.1 0 i4.9 os 4.2 72.8 2 ¢ 99 100 11.0 43.4 24 12 P 
2.5-Me» hexane 38 | 202/17.3'07 |o2 | 188/ 97! 14/802! 7.6| 10.9 100 4.0 382 21 2 ~ 
t 4,4-Me, hexare 22 03 3.1 7.3 15 19 13 79.2 100 99 6.1 10 7 6.0 cro 
7) 3-Et hexane 1.6 1 25 22.6 13.4 12.9 2.5 12 5.9 11.6 100 6.7 2. ss 19s | 
§) 2-Me,3-Et pentane 1.3 1 18.1 13 ys m0 4.3 14.8 29 17.9 100 14.2 27.0 1&7 
+) 3-Me,3-Et pentam 000 1.9 64.3 16.8 O5 06 Ss 27.0 26 &0 100 24 25.0 21.2 on 
ot 
10) 2.2-Mey> hexane 3 56 Of OO 7 ; os 100 32.2 4 15.9 1.8 2.3 18. ¢ 
11) 2,2.3-Mes pentane mm oo 0 | 2 4 12 100 8 | 28 22 3.4 23.0 { na 
12) 2,2,4-Mey pentane 02 1.7 OO 08 8 2 0.5 100 32.7 0 Bl 20 27.4 4 | 
13) 2,2.3,3-Me« butane 03 6.2 03 ; ; 1 13 100 77.3 4 17.7 1 22 M2 - 
fy 
14) 3,3-Mey, hexane ol ol 51 36.1 7. 67.0 | 17.1 ; 40.7 + 11.9 100 .7|2@4128a ys , 
l 2,3,3- Mey pentane ol 5 2.0 5 45.3 a5. 5 8.5 5.8 1.5 15.7 100 54 2&6 16.0 . . 
sun 
16) 4-Me heptane $1 02 0.9 4 0 7 46.1 1.3 14.4 2.4 15.3 100 13.5 MH. Ff 22.8 | 2 alt 
17) 2,3-Me> hexane 7 4 l 04 “4 3 1.¢ 16.7 1.¢ 198 100 18.9 26 19.0 »-J 
18) 2.3.4-Me pentane o3 2 02 l 41.9 10.6 0.9 16.3 20 17.1 100 7.4 24.5 in.¢ . | 
and figures 1, 2, and 3 show graphically 15 of the structural formulas that omit the hydrogen atom: Do 
mass spectra and include all peaks greater than In mass computations it is to be remembered tha! - 
2 percent of the maximum peak. In table 2 the the valence of the carbon atom is four, and t! r 
compounds are listed in an arbitrary order to appropriate number of hydrogen atoms must ! ots 
bring together groups with similar mass spectra, added. Rearrangement peaks are indicated by / | 
. ree . . ° ] 
and the compounds are numbered consecutively. rhe spectra of the first nine isomers of table - , 
These numbers are used in the three figures for and figures 1 and 2 show a great variety of int no 
convenience of cross reference. The figures include sity distributions and are very sensitive to mol sat 
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uRE | Mass spectra of octanes numbers 1 to 4 of 
table 2. 
\bseissas are molecular weights, and ordinates are relative peak heights 


»f 100 for the maximum peak. RK indicates a mass peak involving 


ment of atoms before dissociation 


The other nine can be divided 


are similar within each 


ilar structure. 
nto three groups that 
group 

Isomers number 10 to 13, inclusive, are the four 
compounds with a tertiary butyl radical which, as 
noted above, are characterized by having the 
maximum peak at 57. 
these spectra are very similar with no large peaks 
of mass greater than 57. Only one of these, num- 
ber 10 of figure 2 has been plotted. If it is as- 
sumed that it is predominantly the C(CHs),; half 
of the molecule that is ionized when the molecule 
on dissociates, then the similarity of the four 


It is seen in table 2 that 


spectra is understood. 

There is also a marked similarity between com- 
pounds 14 and 15 and between compounds 16, 17, 
and 18 shown in figure 3. 
of some empirical relations between spectra and 


This is a consequence 


structure noted in the following paragraphs. 

\lass spectra and structure-—The parent peak, 
114°. has a maximum value for the normal com- 
pou and this seems to be a general rule for 
saturated hydrocarbons. With a few exceptions 


Mass Spectra of Octanes 


the height of the peak decreases with increasing 
number of side chains. In table 2 it is seen that 
compounds number 9 to 15, inclusive, have much 
smaller values of 114* than any other octanes. 
These values are 0.03 or less, and other values are 
0.3 or greater. This group comprises all the oc- 
tanes containing carbon atoms with two side 
chains. 

Only one compound, 2,5-dimethylhexane, has 
an appreciable 112* peak. This peak is accom- 
panied by a relatively large metastable transition 
peak at 110*, which comes from the delayed disso- 
ciation of 114* into 112* and two hydrogen atoms, 
after the parent ion has passed through the ion 
accelerating field. 

The 99* peak resulting from the loss of a CH; 
radical from 114* has a wide range of values from 
17.3 to 0.1 percent with no obvious relation be- 
tween peak height and structure. 

There seems to be a qualitative relation between 
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Figure 2. Vass spectra of octanes numbers 6 to 10 of 
table 


Abscissas are molecular weights, and ordinates are relative peak heights. 


R indicates mass peaks involving rearrangement of atoms before dissociation 


Metastable transitions in mass spectra of 56 hydrocarbons, by Evelyn G 
Bloom, Fred L. Mohler, J. H. Lengel, and C. E. Wise, J. Research NBS 4, 
437 (1948) R PISS. 
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Figure 3 Vass spectra of octanes numbers 14 to 18 of 
table 2. 

A bese ss are molecular weights and ordinates are relative peak heights 

K indicates mass peaks involving rearrangement of atoms before dissociation 


structure and the relative probability of losing 
two or three carbon groups from the molecular ion. 
Molecules with side chains tend to dissociate on 
either side of the carbon atom to which one or two 
side chains are attached. The four isomers with 
a tertiary butyl radical can be excluded from con- 
sideration, as their spectra depend primarily on 
this radical and not on the rest of the structure. 
There remain 13 other isomers with one or more 
side chains to consider, 

Molecules with an ethyl radical, CH;CHp., at 
either or both ends of the molecule attached to a 
carbon atom with one or two side chains tend to 
lose this radical and give a large 85* peak. The 
eight isomers that satisfy this condition have 85° 
peaks ranging from 64.3 to 18 percent. Three 
that have ethyl radicals at cither end but not at- 
tached to branch points have 85* peaks of 4.5 to 
1.5 percent, and two that do not have ethyl radi- 
cals at the end have values of 0.7 and 0.2 percent. 

Molecules with a propyl radical, CH;CH,CH, 
or an isopropyl radical, (CH ;)oCH at the ends tend 
to lose these and give a large 71* peak. Ten isomers 


have propyl groups attached to branch points or 
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have isopropyl groups at the ends and give valyes 
of 71* that range from 61.9 to 12.9 percent. (; 
has a propyl group not attached to a branch poi) 
and for this 71* is 3.1 percent. Two withoy 
terminal propyl groups have peaks of 1.5 and 03 
percent. 

Splitting in half to give 57* is probable in 
cases except n-octane, in which the molecule ea) 
break in half in a single dissociation whether o 
not the break occurs at a carbon atom with si 
chains. As noted before this peak is 100 perce: 
for the four isomers with a tertiary butyl radica 
It ranges from 80.2 to 67.5 percent for the oth 
five branched isomers that can break in half wi 
it ranges from 40.7 to 12.4 percent where a re; 
rangement of hydrogen atoms or a double dis 
sociation is required. In n-octane however, 57 
is 34 percent, which falls in the lower range 


Loss of a 5-carbon group to give 43° is no 


obviously correlated with the structure exee 
that it is relatively small, 15.9 to 23.1 percent 
all the isomers with a tertiary butyl radical. It 
68.1 percent in 3,4-dimethylhexane and 100 p 
cent in all the others. In 3-methyl, 3-ethy 
pentane, and 3,4-dimethylhexane this high 
probable ionization process requires a rearrang 
ment of atoms to give mass 43. 

The height ot the 29* peak covers a small 
range of values and again is not obviously relat 
to structure. In four cases a rearrangement 
atoms is required to give C,H,;*, these peaks ter 
to be smaller, but there are exceptions. 

The 15* peaks cover a small range from 4.7 
1.7 pereent. 2,2,3,3-tetramethylbutane with s 
CH, radicals has the largest CH,;* peaks, but 
general there is not a close correlation between t! 
peak height and the number of CH, radicals 

The similarity between 3,3-dimethylhexane a 
2,3,3-trimethylpentane results from the abo 
empirical rules. Both molecules can lose 2 carbo 
groups from one end or three trom the other e 
by breaking at a carbon atom with side chains, a 
neither molecule can break in half (see fig 
This makes 85* and 71* relatively large and 
small. Again in the last three isomers of tabli 
the similarity comes from the fact that all tl 
tend to lose three carbon groups but not twoor lo 


IV. Conclusions 


Chemical analysis. The great variety of octar 
spectra makes it easy to identify a nearly pu 
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To analyze a mixture of many octanes is 


ilu l 

Qh essurily difficult because of the large number of 
wnt tanes Also because of the variety of patterns, 
ho ere is no basis for selecting an average pattern 
105 fo analyze for octanes as a group when small 


mounts are mixed with other hydrocarbons. 
na To simplify analysis of a complicated mixture, 
cal ecan use average patterns for the three groups 
Tr 0 table 2: 10 to 13; 14 and 15; and 16 to 18. 
educes the number of unknowns in an octane 


reent xture from 18 to 12 


In the absence of eyclies 


lies d olefines, the 112° peak is characteristic of 
‘ther H25-dimethylhexane and can be used to identify 
wh his if over 2 percent of the compound is present. 


rea he problem of analyzing for octanes can thus be 
lis duced to 11 
Electric computing machines capable 


unknowns and 11 simultaneous 
7 juations 

handling 12 unknowns are used in routine anal- 
, so the problem could be solved by routine 


hot HB yses 
cept ethods, but practical experience indicates that 
to it e precision would be low. 
It is Brown, Taylor, Melpolder, and Young (see 
py winote 2) have made synthetic mixtures con- 
thy taining 16 of the octane isomers as well as Cy, 
eh] _— 

E. Berry, D. E. Wileox, 8. M. Rock, and H. W. Washburn, J. Appl 
hy 17 i 
iil 
ale 
t 
ti 
+} 
il 
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eyclics and have made use of the grouping de- 
They find that for good precision 
of analysis, these mixtures have to be divided 


scribed above. 


into three or more fractions by a fractionating 
column and the fractions analysed and summed. 

Correlation of structure and spectra. The possi- 
bility of deducing the structure of complicated 
molecules from the mass spectrum is still far from 
A serious difficulty is that the phe- 
nomenon of rearrangement of hydrogen atoms 


realization. 


that sometunes occurs in the process of ionization 
is not understood. This results in ions of masses 
that would not be expected from simple dissocia- 
tion of the molecule. 


pointed out in the preceding section seem to ap- 


The empirical relations 


ply with some generality to saturated hydrocar- 
However, they appear to be mutually in- 
Apparently in 
probability of ionizing a tertiary butyl radical al- 


bons. 
consistent, octanes, the high 
most completely masks the other possible ioniza- 
Complications of this latter type 
are of course to be expected in molecules coniain- 


tion processes. 


ing many atoms and many alternative steps in the 


dissociation process. 


WasHInGton, May 3, 1948. 
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Effects of Substitute Fuels on Automotive Engines 
By Clarence S. Bruce, Jesse T. Duck, and A. R. Pierce 


Tests were made to determine the operating characteristics of automotive engines with 


respect to cylinder wear, carbon deposits, life of accessories, and vapor lock. 


Fuels circu- 


lating through standard type pumps for a period equivalent to 200,000 miles had no visible 


effect on pump diaphragms. 


optical instrument, the McKee wear gage. 


of indentations made in eylinder walls with a precisely shaped diamond tool. 


with alcohol was about half that with leaded gasoline. 


lower. 


There was no indication of dilution of crankease oil bv aleohol 


Cylinder wear with various fuels was determined by an 


Wear is determined from changes in lengths 


The wear 
Carbon deposits also were much 


The temperature 


limits for operation without vapor lock were established for various blends of aleohol with 


ether and with acetone. 


I. Introduction 


During the early months of the war, transporta- 
on of essential gasoline supplies to our allies 
wcame a serious problem. As enemy submarine 
varfare became more and more aggressive, petro- 
um reserves in these countries dwindled. Opera- 
on of automotive equipment with substitute 
fuels became common. However, equipment de- 


signed for use with gasoline frequently required 
odification before substitutes could be success- 
fully used, and many operational difficulties were 
xperienced. 

In 1942 the National Bureau of Standards began 

comprehensive study of the problems involved 
i the use of substitute motor fuels. This investi- 
gation Was carried out at the request of the Board 
f Economic Warfare (later the Foreign Economic 
\dministration) and included studies of the follow- 
ug special problems: (1) Effects of variations in 


ompression ratios, (2) knock ratings, (3) power 
ul fuel consumption with standard type auto- 
nolive engines, (4) engine tests of gaseous fuels, 

the effects of mixture distribution on engine 
erlormance, (6) starting characteristics at low 
temperatures and at altitudes, (7) fuei-pump life, 
viinder wear, and corrosion, and (8) vapor lock 


vith blends. The results of the first six studies 


to 6]! listed above have been reported in the 


n brackets indicate th terature references at the end of this 


Substitute Fuels Automotive Engines 


Journal of Research of the National Bureau of 
Standards. This report is the last of the series 
and includes all phases of the work not covered by 
field to be 


investigated is very large, and some parts of it 


the six earlier publications. The 


could not be completed in the time available. 
Further study of the causes of cylinder wear and 
methods of measuring it seem especially desirable. 
The test results support the widely accepted theory 
that much evlinder wear is due to corrosion occur- 
ring in low-temperature operation. A brief sum- 
mary of each of the preceding papers follows: 

RP1660 Single cylinder engine tests of substitute motor 
fuels.—Single-cylinder engine tests of nonhydrocarbon 
fuels and gasoline at fixed compression ratio and at the 
compression ratio for trace knock for each fuel show no 
material difference in performance other than those asso- 
ciated with differences in heats of combustion and of 
vaporization. All of the nonhydrocarbon fuels could be 
used at compression ratios higher than was permissible with 
gasoline, with corresponding increases in power and 
thermal efficiency 

RP1673 Knock ratings of gasoline substitutes._-Knock 
ratings of gaseous paraffins and olefins through C, and of 
carbon monoxide were determined by current motor and 
aviation test methods. Auxiliary apparatus and modifica- 
tions of test engines necessary to rate gases are described. 

Antiknock qualities of ethyl and normal butyl! alcohol, 
and acetone, both alone and in blends were determined by 
current motor fuel rating procedures. Blending char- 
acteristics of these materials with straight-run gasoline 
and naphthas were investigated 

The tests indicated that blends containing up to 45- 
percent diethyl ether in aleohol should give relatively 
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under conditions of steady 


knock-free 
operation, 


performance 


RP1681 The utilization of nonpetroleum fuels in auto- 
motive engines.—A number of substitute fuels and blends 
were tested to determine their relative efficiencies in opera- 
tion of common types of engines. The tests showed that 
the maximum power developed with alcohol and with some 
of the other fuels was slightly greater than with gasoline. 
The specific fuel consumption with the various fuels was 
approximately in inverse proportion to the heat of com- 
bustion. Analysis showed that the mixture distribution 
was less uniform with the substitute fuels than with 
gasoline. Tests made with low-proof alcohols showed that 
an engine can be operated on a blend as low as 70-proof, 
but it is ordinarily impractical to use a blend much below 
190-proof because of the excessive volumes required. 

RP1698 Engine test with producer gas.—Bench tests with 
a four-cylinder stationary combustion engine were made 
using gasoline and producer gas from charcoal as fuels. 
The maximum power of an engine operating on producer 
gas is about 55 percent of that developed by the same 
About 11.4 Ibs. 
Spark 


engine when gasoline is used as a fuel. 
of charcoal is equivalent to 1 gallon of gasoline. 
setting studies show that when operating on producer gas 
the spark should be advanced beyond the setting for 
maximum power with gasoline. 

RP1712 An analysis of the e fe cts of fuel distribution on 
engine performance From an empirical equation based 
on single eylinder engine test data, and relating engine 
power to fuel consumption, engine performance curves are 
derived analytically for typical examples of poor distribu- 
tion. Investigation of the resulting information shows 
that the minimum specific fuel consumption is a satis- 
factory criterion of distribution quality. 

RP1811 Cold-starting abilities of various substitute fuels. 
Tests of various nonhydrocarbon fuels in a standard 
eight-cylinder engine showed the starting abilities of some 
single constituent fuels to be rather limited, but the addi- 
tion of small percentages of more volatile fuels lowered 
the minimum starting temperature to a very marked 
degree. 

A limited number of tests under altitude conditions also 
showed a further reduction in minimum starting tempera- 
ture for each of the fuels used. This should compensate 
to some degree for the lower average temperatures usually 
encountered at higher altitudes, so that for any one area it 
would be possible to obtain satisfactory starting with a 
minimum number of blend changes 

In the six papers previously submitted it is indi- 
cated that several of the substitute fuels compare 
favorably with gasoline in general performance. 
However, most of the test data given relates to 
performance during comparatively short periods 
of operation—not long enough to show definitely 
the effects of physical and chemical properties of 
the fuels on the engines and their operation. In 
this report these properties are considered as they 
affect (1) life of fuel pumps, (2) relative rate of 
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evaporation of fuels, (3) cylinder wear and corr. 
sion, (4) combustion chamber deposits, (5) crank. 
case oil dilution, and (6) temperature limits fo, 
operation without vapor lock. 


II. Life of Fuel Pumps 


As it was believed possible that parts of the { 


it 


pump might deteriorate through corrosive o 


solvent action of some of the substitute fuels 
used, a number of diaphragm type pumps of 

given make were set up to deliver a quantity of 
fuel that would be comparable to normal lif 
Six fuel pumps wer 
mounted as shown in figure 1. 


operation in an automobile. 
The pumps wer 





Figure l. Fuel-pump mounting for pump life and eva; 


fron tests. 


operated by an oscillating arm driven by an elect! 
motor. The stroke of each pump was adjuste 
so that the unrestricted 
minute. The outlet of pump was thie! 
throttled until the delivery was 300 ml per mi 
ute, approximately the requirement for operatic! 
at 70 mph on gasoline. The test setup comprise: 
three 1-gallon tanks with two pumps connected | 
draw fuel from and return it to each tank throug! 
¥-in. copper tubes discharging 1%) in. 
designated fuel level in the tanks. The op 
ends of the discharge lines were conducted throug! 


flow was 600 ml p 
each 


abo © & 
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orro lengths of %-in. copper tubing. By this 
an srranvement, a small amount of aeration, as well 
s fi <a vent for breathing, was provided. Each tank 
vas filled to the designated level at the beginning 
of test. The pumps were equipped with 
standard valves and diaphragms, the latter being 
, of the paint-base drying-oil type. The pumps 
| operated without failure for 3,500 hr over a 
fucl period of 5 mo. This is equivalent to more than 
of 200,000 miles of operation, and is considered 
te satisfactory performance as it is somewhat more 
1] than the life of the average automobile. Dia- 
a phragms impregnated with synthetic rubber were 
rl not tested, but it is believed that they would show 
at least equal resistance to these fuels and blends. 

ese 


> @ Ill. Relative Rate of Evaporation of Fuels 
i Rel R fE f Fuel 





The fuel-pump endurance runs afforded an 
Kod opportunity to find the relative evaporation losses 
of the test fuels as compared with gasoline. In 
each test, gasoline was run in one unit so that the 
effect of ambient conditions might be minimized 
Figure 2 
shows the evaporation of gasoline during a 24-hr 
run. As each unit has a capacity of 3,100 ml of 
fuel, the one-fourth of the total 
volume in 24 hr. All of the relative evaporation 
loss values given in the following table are based 


by correcting to gasoline evaporation. 


about 


loss is 


on the loss during 6 hr of operation of the endur- 
ance run equipment. This corresponds to an 
assumed tank loss of 10 percent with gasoline, as 


shown in figure 2. 





TABLE 1. Relative « vaporation loss ot fue is 
| Relative loss 
—_ rate 
7) 
\ on 
> l 
\ iM) proof 10 
ne, 2896 190-proof alcohol 43 
pt . ther, 8896 190-proof alcohol * oT) 
the 
nil to start at 10°F 


lt is seen that the evaporation loss with each of 
these fuels is materially less than with gasoline. 
The evaporation loss of the acetone-alcohol blend 
s somewhat higher than for either of the pure 
The ASTM distillation curves for the two 


} ie ; 
lends are shown in figure 3. 
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Figure 3. distillation curves jor fuel blends. 


.72-percent acetone in 190-proof alcohol; 
, 12-percent ether in 190-proof alcohol 


IV. Cylinder Wear and Corrosion 
1. Types of Cylinder Wear 


Cylinder wear may be of three types: (1) Abra- 
sion due to foreign particles in the oil film or intake 
air, (2) attrition caused by metal-to-metal contact 
of the pistons or rings and the cylinder bore, and 
(3) corrosive action on the pistons, rings, or cylin- 
der wall. 

Air cleaners and oil filters and changes in engine 
design have brought about a considerable reduc- 
tion in cylinder wear during recent years. It is 
reasonable to assume that the greater part of the 
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reduction in wear must be due to better protection 
from abrasion and attrition. It is believed that 
a large proportion of cylinder wear at present is 
due to corrosion, but no satisfactory method has 
been developed to determine how much. Opera- 
tion of engines with various substitute fuels and 
with gasoline may offer a good basis for evaluation 
of corrosion wear, as all conditions that may affect 
substantial 
reduction in cylinder wear with a substitute fuel 


abrasion and erosion are equal. A 


would indicate more corrosion with gasoline and 
vice versa. In this connection it has been found 
[7] that a large proportion of the wear with leaded 
gasoline is probably due to the presence of the lead 


compound. 
2. Development of the Method 


The method used for measuring wear in this in- 
vestigation was developed a few years ago at the 
National Bureau of Standards by S. A. McKee at 
the suggestion of and with the collaboration of 
H. C. Dickinson. The method utilizes a form of 
indenting tool similar to that developed by Fred- 
erick Knoop, also of the National Bureau of Stand- 
ards, |8] for determining the hardness of materials. 
The original wear test apparatus was designed for 
the measurement of wear in the cylinders of air- 
craft engines A full description of the instrument 
and of the development of the method is given in 
a paper by McKee [9} 

The method is covered by U.S. Patent 2,233,403, 
granted to Dickinson and McKee on March 4, 
1941, and assigned by them to the United States 
Government. The instrument was modified for 
use with automobile engines and manufactured by 
the American Instrument Co., Silver Spring, Md., 
under license issued by the Secretary of Commerce. 

With the McKee gage the wear is determined on 
the cylinder wall by observing changes in length 
of indentations made on the wall with a precisely 
The length of the indenta- 
tion is accurately measured by a special micro- 


shaped indenting tool. 


scope, and its depth is computed from the length 
measured. The amount of wear at any given 
pot ts considered to be the difference in the com- 
puted depths of an indentation before and after a 
period of operation. 

Wear observations made under good conditions 
with this apparatus are reproducible to 0.00002 in., 
and amounts smaller than this can be detected. 
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3. Description of Wear Test Instrume: 


The instrument is shown in detail in figure 4 
(1) A precisely 
The indent. can 
be adjusted to make marks from 's to 2 mm j) 
length. In practice a mark about 1 mm long has 
been found convenient. When the indentations 
are made in the cylinder wall, the indenter is hel; 
securely in place by: (2) an indentation locate 


There are three essential parts: 
shaped diamond inde nting tool. 


The core of the locater can be rotated within its 





$$ 





McKee wear gage 


FiGuRE 4 


1, Indenting tool; 2, indentation locator; 3, microscope 


base so that marks can be made at 30-degree inter- 
vals around the cylinder wall. (3) A microseop« 

The microscope fits into the locater exactly in th 
same way as the indenter, so that when the locate: 
is in the indenting position the indentation is 

the field of view. 
posed on the image of the indentation so that th: 


A calibrated seale is superim 


length of the indentation is represented by a give! 
Each scale unit represents 
It has been determine 


number of scale units. 
about 0.01 mm of length. 
that 
percent. 


the error of the scale does not exceed 0.2 


4. Analysis of the Indentation 


As the depth of the indentation is a functio! 
of its length, the depth at any given time may b 
computed from the length measured on the optica 


scale. The wear during any period of opel ol 
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iter- 








srepesented by the difference in the depths com- 
puted before and after the operating period. 

The indenter is a pyramid whose base has the 
shape of arhombus. The longitudinal axis of the 
base is several times longer than the transverse 
iis. The indentation as seen in the microscope 
snot visible in depth but is seen as an outline of 
tsbase. The four triangular faces of the pyramid 
have equal apex angles. 

The width of the indentation has no significance 
ncomputations of depth. The depth is computed 
from the length of the image of the indentation 
as seen on the optical scale of the microscope. 
[he computations are based on the imaginary 
triangle formed by joining the ends of the in- 


dentation with its apex. In figure 5 the line 
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Schematic drawing of indentation made by 


VUcKee wear gage. 


a~b) represents the length of the indentation, 
vhich is divided into the segments a and 6 by the 
transverse axis of the rhombus that is seen in the 
visible image of the indentation. The significant 
lactors involved in the mathematical analysis are 
the relations of the depth of the indentation to 
the lengths of the segments a and 6 and to the 
sites and tangents of the angles @ and 6. If the 


identation is symmetrical, a=6, and 6=@=4 


7 The angle at the apex of the indenter is 
by actual measurement 171° 267.) 


Substitute Fuels Automotive Engines 


Therefore when the indentation is symmetrical 
d=b tan 4°17’ 


Lf 
d i tan 4°17’ 


(a+-b) 
d=0.0749 “1 


0.03745(a-+- 6): 

The graduated scale of the microscope used in 
this work is divided into 100 divisions, each 
0.0099 mm long. 
d=0.0000146 (a 
McKee gage scale divisions. 

If the indentation is not symmetrical, there is a 
This 
type of indentation is shown in figure 5 by draw- 
ings 2B, 3B, and 4B. The loss in depth may 
occasionally be as much as 5 percent, although 


Using these values, we find that 
+6) in. if a and 6 are expressed in 


decrease in its depth due to asymmetry. 


most cases in actual practice are found to be nearly 
symmetrical. (In 94% 
marks, the correction for asymmetry was less 
than 0.5%.) 

Figure 6 shows the magnitude of the correction 


of a typical group of 
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Figure 6. Correction for asymmetry of the indentation 
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necessary for various amounts of asymmetry. 
The mathematical analysis on which this chart is 
based is given in the appendix. 

As the indentations were made with the long 
axis along the curved surface of the cylinder wall, 
there is a correction for curvature. This varies 
from 2 to 8 percent, depending on the length of the 
indentation and the size of the cylinder. The 
value of the correction is closely approximated by 
the expression (a+6)?/8,, where (a+b) is the 
length of the mark, and r is the radius of the 
evlinder. 

The indentation is 
springback of metal after the indenter is removed. 
this springback will 


somewhat distorted by 


Our data indicate that 
average about 20 percent in cast-iron cylinders. 


This will be discussed further below. 
5. Corrections in Instrument Readings 


Within certain 
position by an indenting tool will tend to return 


limits, metal pushed out of 
to its original position, but after the limit of 
elasticity is reached at least part of the defor- 
mation is permanent. The shape of the inden- 
tation will therefore not be the same as that of the 
indenter, because some of the metal has a ten- 
dency to spring back when the indenting tool is 
The final impression may depend on 
hardness, elasticity of the 
metal, and the rate at which the load is applied. 
Because of these factors, the relation between the 
length of the mark (indentation) and its depth 
This relation may change as the mark 
wears away. It is believed that in homogeneous 
materials the depth of the mark cannot be more 
than the theoretical depth represented by the 
shape of the indenter before its removal. 

No satisfactory method was developed to de- 
termine accurately the depth of individual marks. 
All corrections used in analysis of the test results 
However, the American 


removed. 
homogeneity, and 


varies. 


were based on averages 
Instrument Co. furnished a chart in which the 
corrections were based on the Knoop hardness of 
the material. In practice this chart could not be 
used, because the Knoop hardness could not be 
determined accurately in an engine cylinder. 
The calibration for springback of metal in the 
indentation is shown on figure 7. This plot was 
derived as follows: Flat metal blocks bearing a 
considerable number of indentations made with 


a McKee indenter were lapped off in measured 
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Figure 7. Calibration of wear gage for cast iron and ste 
specimens 


A, No springback; B, specimen with minimum springback:; ( 
all specimens; D, specimen with maximum springback 


increments, the length of each mark being meas 
with the McKee microscope after eacl 


In this way a plot of the average loss ir 


ured 
lapping. 
length of the mark against loss in thickness of th: 
block was obtained for representative samples of 
Another 
similar set of measurements was made from 

section of steel cylinder liner of the type used 1 
The thickness of the blocks was 
measured with a special type of gage accurate to 
0.00001 in. The blocks were lapped parallel 
within about 0.00001 in. Therefore, a thickness 
measurement might be locally in error by 0.00002 


cast iron of a wide range of hardness. 


test engine 3. 


in., although the error would normal'y be smalle! 
As this local error would be a considerable part 0! 
any measurement that would normally be mad 
with the McKee gage, it was not known whethet 
variations in changes of length of individua 
marks were due to differences in the proportion 0! 
springback or to slight local differences in th 
amount of metal lapped off. It was therefor 
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d that the correction should be applied to 

p of several indentations. 

as expected that the amount of springback 
vary with the hardness of the metal. 

However in the work done in the investigation of 


ast iron specimens, no relation of springback to 


hardness of the metal was found. The maximum 
springback found was 25 percent, (fig. 7, curve D) 
the minimum 15 percent, (curve B) and the 
average 18 percent, (curve C). The correction 
found for the steel cylinder liner was 16.5 percent. 
The probable maximum error in the use of the 
erage value of 18 percent would therefore be 
ibout 7 percent. 

Skilled operators were able to agree on indi- 
vidual measurements with McKee microscope 
within 0.01 of the length of the scale, usually 
vithin 0.005. When the marks are considered as 

group, the error of reading is not therefore 
believed to be large enough to be considered in 
elation to the correction for springback. The 
ngth of the scale represents 0.00146 in. of depth 
before corrections for springback are made. 

The precision of the method may be illustrated 
by the following example. Assuming that errors 
f{ reading the instrument are nearly eliminated 
y use of averages, the average length of the 
marks on evlinder No. 2 at the start of a wear 
After a period 
{engine operation, the average length of the same 


measurement is 85 seale divisions. 


marks is 75 seale divisions. The net average 
change in length is 10 seale divisions. The 
average original depth of the marks allowing for 
IS percent correction for springback is 0.00102 in. 
The average depth at the end of the operating 
period is 0.00090 in. The change in depth (wear) 
s 0.00012 in. The correction for springback is 
believed to be precise within 7 percent. The 
error in reading, 0.0001 in. of wear, is therefore 
believed to be less than 0.00001 in. when the 


marks are considered as a group. 
6. Sensitivity of McKee Wear Gage 


The MeKee indenter is of greatest value in 
measurement of small increments of wear. The 
limit to which inside micrometers may be used 
with any degree of accuracy is probably about 
0.0001 in. The accuracy of measurements made 
with a micrometer is affected to a considerable 
extent by the temperatures at which measure- 
ments are taken. The expansion of metal over 
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a 3- to 4-in. diameter may be as much as 0.0001 
in. for a temperature difference of 3 deg C 
A further source of trouble when micrometers are 
With the 
McKee wear gage, both difficulties are very nearly 
eliminated. The change in depth of an indenta- 
tion due to a temperature change of 3 deg C is 
With 
micrometers, errors in measurement will vary in 
proportion to the diameter of the cylinder. In 
the use of the McKee wear gage, only the amount 
of metal worn from the cylinder wall is measured. 


used is distortion of the cylinder walls. 


less than one one-hundredth of 1 percent. 


The change in diameter of the cylinder not being 
a significant factor, distortion of the cylinders 
may affect the wear at a given point, but the ac- 
curacy of measurements is not affected. 


7. Test Equipment and Operating Conditions 


Five 1942 model engines, of three different 
makes, were used in the tests. 
dynamometers or 


The engines were 
direct-connected — to electric 
generators and were operated 24 hr a day on a 
common test cycle that included 20 min operating 
time and a 10-min shut down in each half-hour. 
The 20-min operating time consisted of four 5- 
min periods, during which the engine was operated 
for 3's 
operation at about 40 mph, then was idled for 
14: min at 500 rpm. During the shut-down period 
cold water was forced through the cooling systems 


min under conditions equivalent to road 


of the engines and through special cooling coils in 
the oil pan, in order to have normal starting condi- 
tions at the beginning of each operating period. 
Throttle operations of the engines were controlled 
simultaneously by solenoids operated by an electric 
clock. Speeds and temperatures were recorded 
after 15 min of operation. 

A recording vacuum gage was connected to the 
As the manifold 
pressure is a direct function of the throttle position 


intake manifold of each engine. 


at any given speed, an excellent record of events 
A typical 24-hr re- 
Temperature 


of operation was obtained. 
cording is reproduced in figure 8. 
and speed readings for a typical 30-min cycle are 
shown in figure 9. 

Twelve indentations were made at each of four 
levels ('s in., % in., 1 in., and 14 in. below the top 
of the block in each cylinder), one mark on the 
center line of the thrust face and the others spaced 
30 degrees apart around the cylinder. The lengths 
of the indentations were measured with the McKee 
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Figure 8. Bristol vacuum chart after 


gage before the start of the test and after 144 hr of 
operation. The indentations were made with the 
long axis perpendicular to the axis of the cylinder. 

It was soon discovered that the temperature of 
the water circulated through the engine during 
the 10-min shut-down period had a significant 
effect on the evlinder wear. Thereafter the cir- 
culated cooling water was drawn from two storage 
tanks in which the temperature could be accu- 
rately controlled at any desired level. 
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24 hours of operation of lest engine. 


8. Test Results 


There was much variation in wear at the various 


points. Some of this may be attrrbuted to 


Slight local depressions and elevations of th 


cylinder walls, (2) changes in contour of the cylin 
der walls resulting from unequal torque in tight 
ening of the evlinder head bolts, (3) location o 
the marks with reference to the height on th 


cylinder wall or to the circumference of the cylu 
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Figure 9 
lapwater outlet, outlet, 


er, and (4) inhomogeneities in the composition 

{the metal. 

The cylinder wear was somewhat greater when 
he engines were operated on gasoline than when 
There 
the 
This varia- 


some of the substitute fuels were used. 


vas, however, a considerable variation in 
mount of wear from week to week. 
on could not always be accounted for by known 
ctors, but was found to depend to some extent 

the temperature of the cooling water, cycle of 
peration, and other factors. These factors will 
« discussed further below. 


The the of 


viinder did not always follow a consistent 


the 
pat- 


wear around circumference 
tern. The least amount of wear in nearly every 
ist appeared on the side of the evlinder opposite 

one receiving the maximum thrust of the 
The maximum 
sually on the sides of the evlinder in line with the 


amount of wear was 


myston 


ngine, although in a very few cases the maximum 
Table 


shows the average wear of five engines with ref- 


ar was on the thrust face of the cylinder. 


LE 2 Wear on circumference of cylinder, average for 
five engines 

Engine Engine 2, Engine 3, Engine 4, Engine 5 

nder iveruge iverage Average Average average 

wear wear wear wear wear 

in m im 

0. OOOOT4 0. GO0080 0. oo0082 0. 00050 0. GO0070 
QO009 O06 QO0048 000067 OO0097 
oOo00s4 OOS. ooo | ooo0s2 Ooo 
OO0084 QO005S Qo00687 O000686 OO008S 
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cylinder head 


temperatures during typical wear-lest operating cycle. 


wket water crankease oil; X, speed 
erence to the position of the marks on the cir 
cumference of the cylinder. 

An 18-percent correction was made for metal 
springback in the indentation, and an average 
correction of 5 percent was used for curvature of 
the cylinder wall. Most values are averages of 
240 or more readings and represent at least 10 
weeks of engine operation. 

A definite vertical pattern of cylinder wear was 
found to exist with all of the engines tested. This 
is shown graphically in figure 10 and in table 3 
below. This table is a general average of the 
wear by levels in the cylinder in a large number 


Rach 


value in the table is an average of the results of 


of tests made with gasoline and alcohol. 
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Figure 10. Vertical wear pattern in engine cylinder. 


Units of wear at top of figure are ten-thousandths of an inch. Dotted lines 


ndicate wear with alcohol, solid lines gasoline 
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PARLE 3 Wear by cylinder levels with alcohol and gasoline 
All surements w ! the upper one-third of piston travel 
Alcohol] 
A verage A verage wear, 
I) ance t I r wear with wear with percentage 
gasoline * alcoho! ¢ of gasoline 
wear 
n in 
» OOOOTS 0. Go0o0gY9 ‘“ 
OOO057 000030 
i Oo0047 oo0024 Al 
‘ oo0o4 1 oo0024 Ss 
* Average of 4,200 readings 
Average of 936 readings 


tests made on all engines. The corrections for 
cylinder wall curvature and metal springback are 


the same as in table 2. 


9. Factors Affecting Wear 


During the course of the investigation it was 
observed that the amount of wear varied consider- 
As 


these variations did not always seem consistent, 


ably with changes in operating conditions. 


surveys of test conditions were made for a com- 
paratively long operating period, with particular 
reference to operating temperatures, humidity, 
In regard to this survey, the follow- 

(1) 
At low operating temperatures, wear appeared to be 


starting, ete. 
ing conditions were considered significant. 
greatly accelerated. In figure 11 the wear in all 
tests made with five engines on gasoline is plotted 
against the temperature of the cooling water cir- 
culated through the engine during the 10-min. 
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there is a considerable scatter of the poin s, jt 
seen that there is a definite trend toward i: PASE, 
wear as the temperature was decrease: 
about 50° F. 
perature is increased beyond this point appears | 


iy lov 


The decrease in wear as the tep 


be small, but it does seem to continue up (o 100 
F, the highest temperature used in these tests 


In two tests where the engines were operated cop. 


the usual 
cooling in each half-hour, the wear was found | 
Presumably most of the wea 


must 


tinuously, without 10-min. stop fo 
be negligible. 


the other tests have occurred during the 
engine warmup. 
low temperatures, wear was found to be great 
accelerated. the 


(about 1 mm), made on the cylinder walls of a 


(2) During starts made at ve 


Indentations of usual _ lengt| 
engine used only in starting tests at low tempera- 
tures, had completely disappeared after a tots 
operating time of a little more than 200 hr. |; 
these tests the engine was started at atmospheri 
+-60° to 25° F an 
was operated until the engine temperatures ha 
The 
case Was at least six times as great as the maximun 
found in the usual test cycle at 34° F or abov 
(3) No definite relation of wear to atmosphe 
humidity could be established. (4) fuels ar 
more corrosive to the engine than are others (se 
table 3). In this Williams {10 
showed that wear is much accelerated by hig! 
sulfur content of the fuel. 

The cause of the increase in wear at low oper- 
ating temperatures is not definitely known. On 
theory advanced [11, 12, 13, 14] is that there is a 
deficiency in lubrication during starting and en- 


temperatures ranging from 


reached equilibrium. rate of wear in this 


Some 


connection, 


gine warmup. This may be due to a delay in th 
lubricant reaching the cylinder wall or to loss i 
viscosity of the lubricant through dilution. A 
second theory holds that the wear at low engin 
(10, 13, 15 
Williams believed that low temperatures permitted 


temperatures is due to corrosion 
the condensation of moisture on the cylinder walls 
thus favoring the formation of corrosive acids 
He pointed out that wear was greatly accelerated 
when the temperature of the cylinder walls was 
Further support fo 
the corrosion theory is found in the results show! 


just below the dewpoint. 
in table 3. The wear with alcohol fuels was found 
to be about half that with gasoline in tests mad 


t 


under comparable conditions. It is reasonalle to 


assume that the difference in wear may have bee! 
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duce differences in the corrosive characters of 
the | ls. 

lt is improbable that much corrosion occurs dur- 
ing the actual stop. Studies have shown [16] that 
the corrosion film formed on iron tends to protect 
the surface from 
film is removed by mechanical means as by piston 
rings during operation of an engine. Further sup- 
port for the theory that corrosion occurs during 


further corrosion, unless this 


the warmup is found in the fact that the test en- 
vines were connected to heavy dynamometers or 
generators, so that when switched off they rotated 
a number of revolutions before stopping. In this 
way the cevlinders were left filled with a mixture 
of fuel and air that was not particularly corrosive. 
During the warmup a considerable number of eX- 
plosions occur before the temperature of the walls 
is raised above the condensation point. The dew- 
point temperature for exhaust gas [10] is about 
126° F at atmospheric pressure and about 300° 
F at 500 Ib/in.*, approximately the maximum pres- 
sure reached in an automotive engine. It is seen 
in figure 9 that with the circulated tap water at 
52° F approximately 4 min of operation was re- 
quired to raise the water jacket to 140° F, the 
temperature generally accepted by the automo- 
tive industry as the minimum for satisfactory 
operation, 

Assuming that 4 min of the cycle would be re- 
quired for the engine to reach the dewpoint temp- 
erature, there would be more than 2,500 explosions 
in each eylinder that might be followed by con- 
densation of corrosive gases, and more than 10,000 
strokes of the piston during which the piston 
rings would wipe oil and corroded material from 
the eylinder wall. In successive strokes of the 
piston there would be further corrosion that would 
in turn be wiped off so that more corrosion could 
take place. 

It should be observed that these tests were run 
ina laboratory where there was comparative free- 
dom from dust and other abrasive materials ordi- 
narily picked up in road operation. 

Sparrow and Scherger point out [11] that much 
wear results from faulty distribution of cooling 
water. This may result in condensation from too 
low a wall temperature or in hot spots that cause 
the oil to lose its viscosity. It was observed that 
in some of the engines tested at the National 
Bureau of Standards the front cylinders (nearest 
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the water pump) always had a greater wear than 
any of the other cylinders. 

Further discussion of the cause of wear is given 
by Williams, who made an extensive review of the 
literature [17 to 28] on the subject. In view of 
the above evidence, it is therefore believed that a 
considerable part of cylinder wear may be due to 
the corrosion occurring during the engine warmup 
when condensation on the cylinder walls is possible. 
The wear might be much reduced if the jacket 
temperatures could be kept above the dewpoint 
or if some method could be developed to make the 
cylinders, pistons, and rings completely corrosion 


resistant. 
V. Combustion Chamber Deposits 


After each 144-hr run, the deposits of carbon 
were carefully removed from the cylinder head, 
valves, and engine block. The deposits were 
weighed and extracted with naphtha to remove 
traces of oil and moisture remaining and were 
analyzed for iron and lead. The iron in a weighed 
and dried sample is first dissolved in a mixture 
(1:5) of nitrie and sulfuric acids, then precipitated 
as a hydroxide, dissolved in 6 N hydrochloric acid 
and determined by titration with potassium di- 
chromate after reduction with stannous chloride. 
The total amount of noncombustible ash is deter- 
mined by heating a weighed sample of the engine 
deposits at about 1,000° C to constant weight 
The remainder of the sample is assumed to be car- 
bonaceous material. 

A total of 49 samples were weighed and analyzed. 
The samples represented 62 weeks of engine 


. aa . , 
operation. The analyses are summarized in 
table 4. 

TABLE 4. Combustion chamber deposits 
Average Average Average 
Total total oil-free iron 
operating Fuels deposits deposits deposits 
time per per per 
week week week 
Weeks 0 g g 
17 Gasoline 18, 08 16. 67 0. 268 
l 200-proof aleohol 3. 66 $11 152 
2 190-proof aleohol 6.15 5.09 x02 
5 Fuel blend 1 11.51 0. 09 ti 
2 Fuel blend 2 11.04 9. 01 303 
2 Fuel blend 3 10. 89 74 mS 


It is shown that the combustion chamber de- 
posits are considerably less with 190-proof and 
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Experi- 
mental work has indicated that most engine de- 


200-proof alcohols than with gasoline. 


posits are due to incomplete combustion of the 
lubricating oil [29]. It is therefore believed pos- 
sible that the smaller carbon deposits occur with 
alcohol and that 
there is no dilution of the oil such as occurs with 
When the diluted with 
gasoline it loses much of its viscosity, so that 


its blends because of the fact 


gasoline. lubricant is 


presumably more of it can reach the cylinders, 
The dif- 


ferences in iron deposits may be due to metal re- 


making more engine deposits possible. 


moved from the cylinder head, ete., by the 
sampling tools. Consequently the amount of 


iron has no significance. 


VI. Analysis and Consumption of Lubri- 
cating Oil 


Twenty-eight samples of crankcase oils from 
engines operating on gasoline and alcohol were 
analyzed. There was no indication of dilution of 
the lubricant by an alcohol fuel. Gasoline shows 
a dilution of 2 percent by weight, estimated by 
ASTM D-322-35. The ASTM method 


employs steam distillation and is not applicable 


method 


to crankease oils from engines operating on 
alcohol and other water soluble fuels. 

The percentage by weight dilution of the alco- 
hols was based on the loss by evaporation upon 
heating for two 1-hr periods at 105° C, and the 
results were compared with a sample of new oil. 
This method was not satisfactory for gasoline, as 
it involved prolonged heating with an uncertain 
endpoint. 

Five engines were in operation over the period 
during which the oil consumption was taken, but 


due to the fact that in mosi of the tests the engines 
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were operated on gasoline, some of the 
the other fuels may not be representative © { ayoy. 
age conditions. Figure 12 shows the ave age » 


consumption of one of the engines in \ hich , 


number of tests were made with each fuel. Thos, 
tests gave no indication that there was any signifi. 


cant difference between the oil consumption 
operation with gasoline or alcohol fuels. 


VII. Operating Temperature Limits of 
Blends 


The starting lines shown in figure 13 were take 
from data reported by R. E. Streets [6]. It is 
shown that starting is possible at temperatures 
somewhat below normal winter temperatures i: 
this country if ether is used in the alcohol blend 
but vapor lock results at fairly low temperatures 
Acetone is not as good as ether in lowering tly 
minimum starting temperature, but it is not as 
likely to cause vapor lock. 

Vapor lock is partial or complete interruption o' 
fuel flow due to formation of vapors in the fuel 
lines or carburetor. The net result of vapor loc! 
is a considerable increase in the leanness of th 


mixture ratio. This is usually indicated by on 


or more of the following phenomena: (1) Loss o/ 
power, (2) backfiring and/or surging, (3) abnor 


mally high engine temperatures, (4) detonation and 
(5) complete stoppage of the engine or failure to 
start. Closely related to vapor lock is anotly 
hot weather fuel trouble, carburetor percolatior 
This is the result of the accumulation of excessiy 
quantities of vapor in the carburetor bowl. It 
usually occurs during idling or during a stop wit! 
ignition off after a hard run, and is evidenced by 
sialling of the engine during idling or by difficult) 
in starting because of an over-rich mixture 
Unblended 190-proof alcohol is not subject 

vapor lock at any atmospheric temperature likel\ 
to be encountered. However, it cannot be ust 
for starting at temperatures much below 60° | 
unless it is blended with a more volatile fuel. | 
order to determine the permissible fuel volatili 
for adequate starting with reasonable freedom fro! 
vapor lock, a series of tests was run with a 1%4- 
model automobile. The test car was equipped wi! 
nickel resistance thermometers for measuremec! 


temperatures of outside air, carburetor air, fue! 


the carburetor bowl, carburetor flange, ! 


tank, water jacket, and crankease oil. A gage Was 
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conn ted to the fuel line to indicate pump dis- 
charg: pressure. Fuel from the tank was sampled 
at intervals through a coil packed in dry ice so 
that no vapors would be lost in sampling. The 


test procedure was to (1) charge the fuel tank with 
alcoho! to which a volatile blending agent had been 
added in proportions estimated to cause vapor 
lock; (2) drive the car at 50 mph for 1 hr, taking 
readings of the temperatures in the fuel system, 
ete., at 15-min intervals; (3) stop the car facing 
the wind and the engine idling; (4) read tempera- 
tures of nickel resistors 4 min after stop and turn 
off ignition 5 min after the stop; (5) take another 
wt of readings 14 min after the ignition was 
wwitched off, restart the engine 1 min later; and 
6) get the car into high gear as soon as possible 
and attempt to accelerate with wide open throttle. 
Cutting out of the engine due to lack of fuel was 
considered an indication of vapor lock. <A further 
indication of vapor lock was a fall of the fuel-pump 
pressure to zero. 

If the system did not vapor lock, more of the 
volatile blending agent was added to the fuel, the 
car was driven about 6 miles at 50 miles per hr, 
and the above procedure was repeated. Further 
additions of the blending agent were made until 
vapor lock occurred. Samples of each fuel blend 
with which the engine was operated were taken for 
The Reid vapor pressure was 


The 


laboratory study. 
measured by ASTM method D 323-41. 


refractive indices of the samples were determined 
so that the composition of the blends could be 
estimated. 

Control tests were made to determine the operat- 
ing characteristics of the test car using blends of gas- 


oline and isopentane. Vapor lock occurred at an 
atmospheric temperature of 100° F with a blend 
having a Reid vapor pressure of 7.3 Ib/in2. This 
is considered as a normal vapor-locking tendency. 
As the carburetor used in the tests had a mixture 
control, this carburetor was replaced with a 
standard carburetor after incipient vapor lock was 
obtained and the test repeated with the same 
result, indicating that the use of the special car- 
buretor did not change the vapor-locking tendency 
of the car. 

The Reid vapor pressure of the alcohol blend 
that gave vapor lock at 100° F is low as compared 
with that of gasoline being 3.5 lb/in.’ for the blend 
and 7.3 lb/in.’ for gasoline. Due to the fact that 
the Reid method is designed for a V/LZ ratio of 4 
and the vapor handling capacity of the car is 
about 30, comparisons cannot be made of fuels 
whose V/Z relations are as different as those of 
alcohol and gasoline. The data on the alcohol 
blends are therefore presented in volume percent- 
age of the blend rather than giving the Reid vapor 
pressure. 

The results of the tests are shown graphically 
in figure 13. The useful operating range of a 
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Figure 13. 


The blending agent is the first of each pair. 
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The temperatures are atmospheric temperatures 
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blend containing any given percentage of a blend- 
ing agent is indicated on figure 13 by the abscissae 
of the points at which the percentage line indicated 
intersects the lines for starting temperature and 
lock. The 


temperature and vapor lock are the heavy lines 


vapor lines for minimum. starting 


that cross the page diagonally. For example the 
ordinate for 10-percent ether in alcohol crosses the 
lines for starting and vapor lock at points that 
indicate that starting is possible at 16° F, while 
vapor lock will occur at 107° F. It will be seen that 
small percentage of ether will lower the starting 
temperature somewhat more than the same per- 
centage of acetone. The useful range of a blend 
containing 10-percent ether in alcohol is from 16° 
to 100° F, or 84 degrees. Sixty percent of acetone 
must be added to alcohol before an engine can be 
started at 16° F, 
lock at 88 


and the blend will cause vapor 
7, 
There- 


fore, disregarding cost and availability, ether is a 


F, a useful range of 72 degrees. 
better blending agent for alcohol than is acetone. 


VIII. Conclusions 


This series of tests indicates that 190-proof 
alcohol blended with ether for starting at low 
temperatures is a satisfactory substitute for gaso- 
line. In general, power and engine performance 
are comparable for the two fuels. Fuel system 
parts are not ads ersely affected by alcohol or ether. 

The relative rate of evaporation, combustion 
chamber deposits, and crankease oil dilution are 
less with alcohol than when operating on gasoline. 

The disadvantages of using alcohol are that the 
range of atmospheric temperatures for operation 
is less than with gasoline, and that larger quantities 
of the more expensive fuel (alcohol) are required. 
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X. Appendix 


1. Mathematical Relationships in the Indentation 


The angle at the apex of the diamond used in tly 
was 171°26’. The sum of the angles 6 and @ 
triangles of figure 5 is therefore 8°34’. In 34, 
and the depth of the indentation may be determined 


the equation mt 
d, =a, tan 0 ) 
d, 
1 
ala tan @ ) 


In the above equations, and those that follow, t 
script A denotes a symmetrical indentation and 
subscript B denotes an asymmetrical indentatior 
amount of rotation of the indenter is indicated 


angle p included between d and l 


5n=04—p) 
Op=54+ p) 
By the law of sines 
Qp Sin (O04 ->p) 
b,e sin (04 —p) 
sin (04+ p) 


apg =bp 
Sin (64 p) 
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e sil atio, 
1939 s 4 
sin (04 +p) (5) 
sin (64—p) 
1947 
av be xpressed as R, SO dg baR. 
r Wear 
gineers a4 ba, Qh. bg + beR bel + R) (6) 
‘ _ si (@ -~p) -_ 
a8, | : lz ap = . : £ (4) 
sina 
24 
ap sin (04—p) Cos p ' 
“08 p= ; (8) 
31 dg lp COs p sin os 
Hb (1a 
- (1+ R) 
and pro. bs bp 9 (9) 
nd 
7 199 i, —1 (1+R) tan 64 
7” . Ga IB 2 
ap sin (@4—~p) COs p 
ws ~~ 
. dp _ sin @ (10) 
d. (1+ R) tan O04 
be 7 
2 
ag=beR, 
dy, 2R sin (@4—~p) cos p (11) 
» (1929 d, (1+R) tan 64 sina 
kel B ibstituting for R, 
sin (04+) sin (@4—p) cos p 
dp sin (@4—p) 
dy [sin (@4—p) +sin (64+ )] tan 04 sina 
sin (04—p) 

; 2 sin (04+) sin (@4—~p) cos p (12) 
ntation [sin (@4—p)+sin (04+ )] tan 64 sin a : 
he te xpanding 
in be 

5 2(sin 64 cos p+ cos 64 sin p) (sin 64 Cos p — COs 64 Sin p) Cos p 
ined | , (sin @4 cosp—cos64 sinp+sin @4cOsp+COs 04 sinp) tan 64sin a 
mplifving 

dg __ sin? 64 cos? p—cos? 04 sin? p 

d, sin @4 tan 64 sin a@ 

it 
the s a=90—6,, 
and 
| 
by 
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and 
sin a=cos 64 
sin 04 
tan 64= =? 
4°" cos 04 
so substituting, we find that 
dz __ sin? 04 cos? p—cos? 64 sin? p : 
d, sin? O04 
cos? 64 . ‘ 
cos? p—-—,-. sin? cos? p—ctn? 6,4 sin® ‘ 
P~ sin? 04 pP pP A P* (13) 


1 -—sin? p—ctn? 6,4 sin’ p 





1— (1+ ctn? 6,4) sin® p 
The difference between the depths of the symmetrical 
and asymmetrical indentations is expressed by the equation 


1-9 =(1 + ctn? 64) sin? p. (14) 
A 


If @4= 4°17’, etn? 64 =178.22 and 1-$°= 179.22 sin? p. (15) 


Using the equation above and the sine ratio from eq 5, 
a correetion chart for asymmetrical indentations may be 
set up, as shown in table 5. As the sine ratio is the same 
as the ratio of the visible segments of the mark, a and b, 
the angle of rotation, p, is determined from the ratio a/b 


TaBLE 5. Correction chart for asymmetrical indentations if 
64=4°17' 


The correction for asymmetry is found by comparison of columns 2 and 3 


Angle of rota- Correction for 


A. +d Ratio of a/be asymmetry 
Percent 
0.0 1.000 0.0000 
ol 1.048 0546 
2 1.098 218 
3 1.150 . 490 
4 1. 206 87 
5 1. 264 1. 36 
6 1.325 1.96 
7 1.390 2.68 | 
s 1. 458 3.50 
” 1. 5331 4.42 
1.0 1. 608 5.46 


* Also ratio of sin @/sin 6 


WaAsHINGTON, June 12, 1947. 
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Applications of Magnetochemistry to Polymers and 
Polymerization ' 
By Pierce W. Selwood * 


After a brief review of fundamental definitions, experimental methods, theoretical and 
semiempirical results on diamagnetic substances, two topics are considered: First, studies 
of the diamagnetic anisotropy of crystalline and oriented materials. Using solid naphtha- 
lene as an illustration, it is shown how to obtain the principal molecular susceptibilities from 
the measured parameters of the single crystal and the molecular orientations in the unit cell 
as derived from X-ray studies. Conversely, the direction cosines for solid diphenyl are 
calculated from the measured macroscopic susceptibilities and the susceptibilities of the 
molecule. Results recently obtained on the anisotropy of cellulose, protein fibers, and 
stretched rubber indicate the value of such methods, particularly for oriented polymers 
containing aromatie groups, because of the large effects of the latter. Next, attention is 
devoted to the paramagnetism of oxygen and free radicals that can be utilized as a measure 


of the concentration of the species. 





Radical concentrations as low as 10-° mole per liter may 
be estimated by means of a modification of the Gouy-balance. It has been employed in a 
study of the thermal polymerization of styrene at 66° C. From the changes in diamag- 
netism in the course of the reaction, the rate of consumption of oxygen present is determined. 
Assuming this to be due to combination with styrene radicals, the rate of thermal initiation 
is estimated to be 3.8 10—" mole—' liter see—'. However, in order to obtain by magnetic 
methods directly the free radical concentration in ordinary chain polymerization processes, 


the sensitivity would have to be improved by several orders of magnitude. 


I. Introduction substance placed in the field. We then have 
B=H-+-47r0, where 0 is the intensity of magnetiza- 
tion, and O/// is the magnetic susceptibility per 
unit volume, K. Taking d as the density of the 
substance: K/d= x, which is the magnetic suscep- 
tibility per unit mass. 

For nearly all organic compounds the magnetic 
susceptibility is negative. 


There are two principal types of magnetic 
measurements from which polymer chemistry may 
gain information. These are (1) the study of 
diamagnetic anisotropy, and (2) the in situ study 
of free radicals and other paramagnetic com- 
such as Neither of 
methods has so far received much attention from 


ponents, oxygen. these 


Such substances are 


sa ’ said to be diamagnetic; they are repelled by a 
polymer chemistry. There is reason to believe, 3 5 


however, that they will both make important 
contributions to our knowledge of polymers and 


The order of magnitude of the suscep- 
10-° to 
water is 


magnet. 
tibility for organic compounds is —0.3 >» 

0.810. The 

0.720 10~°. 
susceptibility is independent of field strength and 
virtually independent of temperature. 

For many transition group elements and their 
compounds, and for organic and inorganic free 
radicals, the magnetic susceptibility is positive. 
These are said to be paramagnetic. 


ai aha ; susceptibility of 
polymerization in the not too distant future. : 


The numerical quantity with which magne- 
tochemists are chiefly concerned is the magnetic 
This quantity is defined as 


For diamagnetic substances the 


susceptibility, x, 
Let 77 be the intensity of a magnetic 
field and B be the magnetic induction in any 


follow s 





iper Was presented as part of the 1946-47 series of lectures on the The suscep- 
f High Polymers given at the National Bureau of Standards 


I r of chemistry, Northwestern University 
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tibility of paramagnetic substances is often 10 to 
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100 times as large numerically as that of diamag- 
netic substances. Paramagnetic substances are 
attracted to a magnet. Positive magnetic suscep- 
tibilities are substantially independent of field 
strength, but they frequently vary approximately 
inversely as the temperature. More 
often, they follow the Curie-Weiss law, x=C/- 
(T+-A), where C and A are constants and T is the 


absolute temperature 


absolute 


Magnetic susceptibilities are most frequently 
measured by the method of Gouy (fig. 1). A 


7\ 














id 





Figure 1. Principle of the Gouy method, 
cylindrical sample is suspended from a balance so 
that one end of the sample is in a region of high 
magnetic field intensity, and the other end is in a 
field of negligible intensity. The fields commonly 
used are produced by large electromagnets and are 
of the order of 5,000 to 20,000 gauss. On applica- 
tion of the field the sample will, if diamagnetic, 
seem to lose in weight, or if paramagnetic, seem to 
gain in weight. The changes so observed are of 
the order of milligrams. 

If the sample is a liquid or a powder, it may be 


contained in a calibrated glass tube. For most 
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measurements on organic compounds, it i+ nepps. 
sary to use a microbalance to gain a quat, 
Temperature 
necessary, and for paramagnetic substan 


sensitivity. control is g 
frequently necessary to make measureme1 

a wide range of temperature. With all 
ments, a sensitivity of four significant fi 
attained without too much difficulty. 

There have been innumerable modifications ¢; 
the Gouy method and many other methods ope; 
ating on somewhat different principles. Thys 
the sample may be suspended horizontally rathe; 
than vertically, the force may be measured }y 
hydrostatic pressure. In 4! 
methods related to the Gouy method the fore: 


springs, or by 


J, exerted on application of the field is given by 


f=1/2(K —K,)AH?, 


where K is the magnetic susceptibility of the sub- 
stance per unit volume, Ky is the volume suscepti- 
bility of the atmosphere surrounding the samp) 
A is the cross-sectional area of the sample, and 
H is the field strength. The susceptibility o 
hydrogen as an atmosphere is generally negligib|; 
but air is appreciably paramagnetic. 

The Faraday method for measuring suscepti- 
bilities measures the force exerted on a small 
sample by a field having a fairly high gradient 
in the direction of motion of the sample. Th 
Quincke method is often used for liquids: 
measures the capillary rise, or depression, pro- 
duced when a strong field is applied to the liquid 
[1 to 5]'. 

Some 30 or 40 years ago, efforts were made t 
apply standard induction techniques to the mea- 
surement of magnetic susceptibilities. Thes 
methods all failed because the susceptibilities ar 
so very small. But recently Broersma [6] has de- 
veloped an induction method that is as sensitiy 
At present th 
method is considerably more complicated than th: 
Gouy method, but further development may mak: 
it the method of choice for routine susceptibility 


as the best Gouy determinations. 


measurements. 


II. Atomic and Molecular Diamagnetism 


The classical theory of diamagnetism shows tha! 
the susceptibility per gram atom, x4, is give! 
by the expression 


Figures in brackets indicate the literature references at the 
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XA 2.83257? « 10", 


yhere - is the mean square radius of the electronic 
orbits. The same result is obtained in the quan- 
tum-mechanical theory of magnetism, from which 
liamagnetic atomic susceptibilities may in theory 
be directly caleulated [7]. For hydrogen 


. - ) 
(4x°Ze*?m\ 


E _ nll ee n*| 


where n and 7 are principal and subordinate 
quantum numbers, respectively, 7 is the atomic 
is Planck’s constant, and m is the 
electron mass. Unfortunately, atomic hydrogen 
is not only difficult to study, but is paramagnetic. 
This paramagnetism is far larger than the under- 
lving diamagnetism could possibly be. However, 
indirect methods for estimating the atomic 
diamagnetism give results in good agreement with 
theory. Similar calculations give fair agreement 
with experiment for the inert gases and for mercury 


XA 2.832 < 10" 


number, A 


vapor. 

Unfortunately, theoretical calculations of sus- 
ceptibility for polyatomic molecules are in a 
rudimentary state. For the calculation of mole- 
cular susceptibilities our only recourse, at present, 
s the use of empirical constants derived from the 
consideration of experimentally found suscepti- 
bilities for a large number of organic compounds. 
These constants, known as Pascal’s constants, may 
be used in much the same way that molecular 
refractivities are used in calculating molar refrac- 
tion. The molar susceptibility is in general given 
by 

XM Don aXa + 


where n, is the number of atoms of susceptibility, 
x, Is the molecule, and \ is a constitutive cor- 
rection depending on the nature of the bonds 
Tables of Pascal’s constants 
and constitutive available in 
works on magnetochemistry [2]. With their aid 
some surprisingly accurate estimations of sus- 


between the atoms. 
corrections are 


ceptibilities have been made. 

These considerations suggest that the process 
of polymerization should bring about a change of 
susceptibility. Farquharson [8] has 
the polymerization of 2,3-dimethyl- 


Magnetic 
eXamined 
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butadiene. Consider a dimerization 2 Be>B,. 
The molar susceptibility of the dimer must be 
Xw=2xet+A, where d is the constitutive correction 
for formation of the new bond. If n molecules of 
B polymerize to form B,, then xw="xe+(n—1) dX, 
and the relationship between molar suceptibility 
and n» will be a straight line. The susceptibility 
of the polymer per unit mass will be 


nxn+(n—I1)d 
x nM, 


where Mz is the molecular weight of the monomer. 
The change of x with n will then be represented 
by a hyperbola. Farquharson has found that 
such is the case for 2,3-dimethylbutadiene, and 
for certain other polymerizations. Whether the 
susceptibility increases or decreases during poly- 
merization depends on the nature of the bonds 
broken and formed. Both cases are known. 

From the above it would appear that measure- 
ment of magnetic susceptibility may afford a 
measure of the extent of polymerization and also 
an estimate of the molecular weight. Applications 
of the latter have been made by Farquharson [9] 
to the polyoxymethylenes. So far, however, 
there is no evidence to show that the magnetic 
method can compete in these respects with any 
of the standard procedures in polymer chemistry. 
It might possibly be adapted to certain in situ 
types of studies where other methods are awkward. 
But the small differences of susceptibilities 
encountered and the effect of isomerism, hydrogen 
bonding, and impurities, is such as to discourage 
further attempts along this line. 


III. Diamagnetic Anisotropy 


We turn now to a much more promising appli- 
cation of magnetism to high polymers, namely, 
the diamagnetic anisotropy. 

A substance, such as a gas, in which the mole- 
cules are all arranged at random, is truly isotropic. 
Effective isotropy may be shown by a solid, the 
microcrystals of which have completely random 
orientation. In crystals of low symmetry there 
are three mutually perpendicular directions known 
as the axes of principal magnetism. Along these 
axes the direction of magnetism corresponds 
with the direction of the applied field. The mag- 
netic susceptibilities along these axes are called 
principal susceptibilities. Their values are often 
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If such an anisotropic substance is 
the the 
powder is the mean of the three principal suscepti- 


unequal. 


powdered, average susceptibility of 


bilities, 


X= 1/800+ xX2t Xs)- 
Cubic crystalline matter is isotropic, but if a 
piece of noncubic matter is supended in a mag- 
netic field it will tend to orient itself so that the 
axis of maximum (algebraic) susceptibility in the 
plane of rotation lies along the lines of force. In 
orthogonal crystals the axes of principal suscepti- 
the 
monoclinic system one principal magnetic axis 


bility coincide with the erystal axes. In 


coincides with the symmetry axis of the crystals. 
Many the 
monoclinic system. 

The additivity of average suceptibilities of 


organic compounds crystallize in 


organic compounds shows that even in the solid 
state the mutual influence of neighboring molecules 
on the magnetic susceptibility must be neglibible. 
(This is not true for paramagnetic compounds.) 
It follows that the anisotropy of a single crystal 
must be due to the anisotropy of the unit cell, and 
that this, in turn, depends only on the resultant 
anisotropy of the individual molecules in the cell. 
If the molecule is essentially magnetically iso- 
tropic, then the crystal will show little or no 
But if the molecule is anisotropic 
the crystal 


anisotropy. 
then the 
depends only on the relative orientation of the 


resultant anisotropy of 


molecules. If the molecules are arranged in 
layers, then the resultant crystal anisotropy will 
be large, but if the molecules are arranged hap- 
hazardly, or so that 
each other, then the crystal will be isotropic. 


their anisotropies cancel 


An obvious way to measure magnetic anisotropy 
is to orient a single crystal so that one axis lies in 
the 
susceptibilities. 


the field gradient in one of conventional 
methods for measuring But 
Krishnan [10] has developed a far more elegant 
method. Krishnan’s method gives the difference 
between any two principal susceptibilities. 

If an isotropic sample is cut to spherical shape 
it will suffer no orientation in a nonuniform field. 
Alternatively, an isotropic sample of any shape 
will suffer no orientation in a uniform field. This 
is the basis of the Krishnan method. 

The sample is suspended by a fine torsion fiber 


A field of suffi- 


cient homogeneity may be found in a small region 


in a homogeneous field (fig. 2). 
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Figure 2. Principle of the Krishnan anisotropy bala 
between relatively large plane pole pieces. T! 
field may be 5,000 to 10,000 gauss. 
of economy a permanent magnet, mounted on 


For reasons 
sliding table, has some advantages for thes 
measurements. In general one magnetic axis o! 
the sample is in the axis of the torsion fiber. | 
the crystal is isotropic it will suffer no orientatio 
on application of the field, but if it is anisotropi 
will turn until the algebraically largest suscept 
bility approaches the direction of the lines of fore: 
The torsion head may now be turned until th 
crystal suffers no orientation on application of th 
field. The largest algebraic susceptibility is no 
parallel to the field. 

If the crystal is made to oscillate, the period o! 
the molar magnet 


oscillation is related to 


anisotropy as follows: 


C Mte—t 
Ox=Ay @”’ 


where fy and ¢ are oscillation periods with the fi 
off and on, respectively, (’ is the torsional consta! 
of the fiber, m is the mass of the crystal, 47 is t! 
molecular (or formula) weight, // is the field, a! 
Ay is the difference the two 
susceptibilities in the plane of rotation. 


between princip 


The anisotropy so ebtained is that which exis 
The third princi 
susceptibility may be investigated by reorientin: 
the Absolute 
may be obtained by measuring one susceptibilit) 


in the plane of oscillation. 


crystal. principal susceptibilities 
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ywadseet method; or by using the average (pow- 
jor) susceptibility. 

Krisinan [11] has also developed a modification 
{the above method. This second procedure has 
ome practical advantages over the first, especially 
or very small crystals. The crystal orientation in 
he field is adjusted as before so that the largest 
lvebraic susceptibility in the plane of rotation 
ws in the direction of the field. Now if the 
orsion head is turned through an angle a, the 
rystal will turn through a smaller angle ¢. The 
vlation between @ and ¢ is such that 


1m 


cla—o)=5 Vv IPA x2¢, 


vhere the terms have the same significance as be- 
ore. If the torsion head rotation is continued 
7/4 the crystal will suddenly flip around 
to a new equilibrium position. For this to occur 
the torsion head must be turned through an angle 
», and we have: 


—— 


Y balance 


a 
‘Ss. The 


reasons 


ed 0 
r .. C(a.— 7/4) . u IP’ Ax, 
axis of or 
ber. If eM _ 
entation Ax H? m \<%—#/4)- 
tropic it 
uscepti-f he largest diamagnetic anisotropies are shown 
of foree @LY graphite, and by aromatic compounds, the 
ntil the @molecules of which contain benzene, cyanuric, 
n of the M0" phthaloeyanic rings. Carbon in the cubic 
is now @ diamond) form is isotropic with a molar suscepti- 
bility of —6 x 10° But the principal molar 
riod of susceptibility of graphite parallel to the hexagon 
agnetic B&S is —264 x 107°, which is over forty times nu- 
merically as great as the susceptibility normal to 
the hexagonal axis. For naphthalene and anthra- 
cene the principal susceptibilities are given 
below {12}: 
he field 
ynstant Principal susceptibilities for single erystal 10° 
{ is th 
id, ap xi % Xs 
‘TNncIpa : _ 
Naphthalene __ 56. 0 146. 4 76. 6 
) eXIsts \nthracene 75. 5 211.8 102. 9 
Ine rpal 
enting : 
bilities For many organie compounds the complete 
‘bility @ Ucture has been determined by X-ray diffrac- 
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tion studies, and the orientations of the molecules 
in the unit cell are known. It is possible to deduce 
the principal susceptibilities of the individual 
molecules from the principal susceptibilities of the 
crystal and the molecular directional cosines. 
Principal molar susceptibilities for individual 
molecules of two compounds are shown below. 


Principal susceptibilities for individual molecules * 10° 


Compound K; Ky K; 
Naphthalene 56. 1 53. 9 169. 0 
Anthracene 75.8 62. 6 251.8 


Conversely, if the principal susceptibilities of 
the individual molecules are known or can_ be 
estimated, and if the anisotropy of the crystal is 
measured, it is then possible in favorable cases to 
find the arrangement of molecules in the unit cell. 
In other words, the magnetic anisotropy may be 
used for a complete structure determination. 
More frequently, the anisotropy is of use in simpli- 
fying structural determinations by X-rays. Ex- 
amples of these calculations will be given below. 

Various suggestions have been made to explain 
the abnormal diamagnetism shown along one axis 
by aromatic compounds. The most popular ex- 
planation is that the aromatic, or resonance, elec- 
trons occupy orbits of molecular instead of atomic 
size. A satisfactory general theory of anomalous 
diamagnetic anisotropy in aromatic compounds 
has been developed by London [13]. London's 
theory corresponds to the method of molecular 
orbitals in the theory of chemical binding. 

We shall now show how the observed principal 
susceptibilities in the crystal may be used to find 
the principal susceptibilities for the individual 
molecule. Naphthalene is chosen as the example. 

Naphthalene belongs to the monoclinic class. 
The crystalline and magnetic axes of a monoclinic 
crystal are shown in figure 3, and figure 4 shows 
the relation of a naphthalene molecule to these 
axes. Two of the principal magnetic axes lie in 
the (010) or ae plane; the magnetic susceptibilities 
along these axes are x; and xy». The angle y, which 
the x, axis makes with the ¢ axis of the crystal, 
taken as positive toward the obtuse angle 8 be- 
tween the ¢ and a axes, determines the positions of 
the two magnetic axes. The angle @ is connected 
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Ficure 3. Principal crystal (a, b, c) and magnetic (1, 2, 3) 


ares in a monoclinic crystal. 








Ficure 4. Position of naphthalene molecule relative to 
crystal and magnetic azes. 


with ¥ by the relation 90°+6@+4+y=—obtuse 8. The 
third magnetic axis is along the 6 axis, and the sus- 
ceptibility along it is x, 

X-ray studies show that the unit cell of naphtha- 
lene contains two molecules, for each of which the 
structure is plane. Both molecules have their 
lengths, the lines that join centers of constituent 
rings, almost in the (010) plane, making an angle 
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of 12° with the ¢ axis. Considerations of xg, 
metry show that the long axis of the nap iithale 
molecule must be one of its magnetic axis. \ 
should, therefore, expect the above direction 
the crystal to be one of the magnetic axes of 4}, 
crystal. Direct observation of the magnetic ayy 
confirms this view, and the angle W is actual) 
found to be 12 The other two magnetic axes 
are along the breadth of the molecule in thy pla: 
of the rings, and along the normal to the plane, 
the rings, respectively. 
X-ray studies show that the planes of thy 
molecules are inclined at +65° and —65°, » 
spectively, to the (010) plane. We have, the: 
fore, all the information necessary to find th, 


magnetic susceptibilities of the individual molecy 
xi=K,, 

X2—= K, cos* 65° + K, sin’ 65°, 

X3;—= K2 sin? 65°+ K; cos? 65°, 
where x and K are principal molar susceptibilities 
of crystal and of molecule, respectively. Sul 
stituting the experimentally determined valu 
for x1, X2, Xs, We obtain the numerical values fo 
K,, Ko, Ks given above. 

Biphenyl will be chosen as an example to illus 
trate the type of calculation in which the aniso- 
tropy is used to find the orientation of molecules 
in the unit cell. We shall assume that the rings i 
biphenyl have the same structure as in benzet 
and that the molecule is planar. 

The average (powder) molar susceptibility 
biphenyl is — 102.9 x 10~°, which is numerically less 
than twice that of benzene by 7.710~°. This 
difference is obviously the contribution of the tw 
hydrogen atoms that have been dropped. As 
first approximation, we assume that this diminu- 
tion is the same along the three principal axes : 
the molecule. The principal susceptibilities fo 
the benzene molecule are K,=—37.3, K» 7 
K; 91.2(10-°). We then obtain for the pru 
cipal molar susceptibilities of the bipheny! mole- 


cule, all «107°, 
K,=K, (2 37.3)—7.7 66.9 
K, (2<91.2)—7.7 174.7 


The principal molar susceptibilities for 
biphenyl crystal are 


x= —63.4X 107° 
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x2= — 146.5 


X3 98.9, 
and the angle y is 20.1°. 


There are two molecules in the unit cell. Place 
both molecules with their planes parallel to (100) 
and their lengths along the ¢ axis. To bring the 
molecules to their actual orientations, they are 
given the following rotations (fig. 5): 

First, a rotation about the ¢ axis of one of the 
molecules through an angle A, and of the other 
through an angle —2. 

Second, a rotation of both molecules about the 
) axis through an angle 6, the positive direction of 
the rotation being defined as from the ¢ axis to 
the ¢ axis, through the obtuse angle 8. 

Third, a rotation of the molecules through +» 
and —v, respectively, about the normal to the 
plane that contains the 6 axis and the direction 
of lengths of the molecules after the second rota- 
tion has been performed. 

It is clear that 6=~—= +20.1°, and \ and » can 
be obtained from the following relationships: 


x, = K, cos* y+ (K, cos* 4+ Ky sin’ \) sin’ » 
x2—= K, sin? A+ K,; cos? A 
x; = K, sin’ y+ (Kz cos? A+ Kz; sin? A) cos? v. 


It has already been assumed that x,;+x2+x3= 
K, + K,+ Ks; therefore, only two of the above rela- 
tionships are independent. 

Solving, we get 


A=31°, »=0°. 


The lengths of the molecules lie in the (010) plane 
in the obtuse angle 8 at 20.1° to the ¢ axis, and 
the planes of the molecules are inclined at plus 
and minus 31°, respectively, to the 6 axis. This 
structure determination is confirmed by X-ray 
analysis. (~=20°, A=32°, »p=0°). 

In the above analysis we have evaluated the 
principal susceptibilities of the molecule from 
structure considerations that may not be appli- 
cable for molecules more complicated than bi- 
phenyl. In such cases it is possible to obtain the 
molecular susceptibilities from measurements of 
magneto-optical rotation, according to methods 
deseribed by Raman and Krishnan [14]. 

The structure determination given for biphenyl] 
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Position of biphenyl molecule relative to crystal 
and magnetic azes. 


Figure 5. 


is unfortunately not generally applicable to organic 
solids. The simplicity of the derivation comes 
from the special case of wv. For other classes 
of substances the information obtainable from 
magnetic anisotropy is often less, but any aid from 
such a source is welcome if it lessens the labor of 
complete structure determinations from X-ray 
data. The applicability of the magnetic method 
is described by Lonsdale and Krishnan [12]. It 
may be summarized as follows: 

In the triclinic system, magnetic anisotropy 
measurements give directly the molecular orienta- 
tions. 

In the monoclinic and orthorhombic systems 
the magnetic method is of aid in structure deter- 
minations and is very valuable ina few special cases. 

In crystals of high symmetry the magnetic 
measurements are of little or no use [15]. 

The literature does not reveal many studies on 
the magnetic anisotropy of polymeric material. 
A few studies have been made that show the exist- 
ence of the property in high polymers. But the 
obvious applicability of the method in the study 
of polymers containing aromatic groups seems to 
have escaped attention. 

Mme. Cotton-Feytis [16, 17] has recently dem- 
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onstrated the anisotropy of several natural types 
of fibers and of crude rubber. These substances 
can, to a first approximation, be considered as 
uniaxial crystals. The largest numerical suscep- 
tibility is sometimes longitudinal, sometimes per- 
Various types of 
silk fiber, keratin, 


and collagen all show varying degrees of anisot- 


pendicular to the long axis. 
cellulose (cotton, sisal, ete.), 
ropy. The magnitude of the anisotropy roughly 
parallels the degree of molecular orientation as 
revealed by X-ray studies. 
sample of collagen showing a high degree of molec- 


For example, a normal 


ular orientation has an anisotropy ten times as 
large as the same sample shrunk and rendered 
amorphous by treatment with formaldehyde. 
Nilakantan has the anisotropy 
cellulose. is anisotropic, 


investigated 
Wood 


apparently because of a molecular anisotropy in 


of wood and 


the cellulose molecule and the more or less regular 
orientation of these molecules along the fiber axis. 
Lignin and the hemicelluloses are amorphous. 

The greatest diamagnetism of cellulose is along 
the fiber axis, which is presumably along the length 
of the molecule. This anisotropy in a-cellulose 
derived from teakwood is about x xX! 0.1 
10-*. The average susceptibility of a-cellulose in 
0.508% 107°. The method 
appears to have some utility in confirming the 


powder form is 
molecular orientations of cellulose shown by X-ray 
studies. 

Crude rubber normally has a certain degree of 
anisotropy, and this is altered by hot and cold 
Plexi- 
glass is said by Cotton-Feytis to yield somewhat 


working, and by compression and tension. 


similar results, but no details are given. 

When crude rubber is stretched, the anisotropy 
increases but seems to tend toward a limit. This 
parallels the effects observed with X-ray methods 
and suggests more or less complete molecular 
orientation in one direction at high elongations. 
The anisotropy observed in stretched rubber is, 
incidentally, quite large. The figures reported by 
Cotton-Feytis for oscillation periods with the 
magnetic field off and on, respectively, are 85 
There is no doubt 


that the method is a sensitive one for detecting 


seconds and about 5 seconds. 


molecular orientation in such systems. 

The effects observed will doubtless be much 
more valuable in the study of high polymers con- 
taining aromatic groups. It seems probable that 


degrees of molecular orientation quite beyond 
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detection by other methods will be readil: est). 
mated by the anisotropy measurements. hers 
are obvious applications of such studies to ¢! anges 
occurring under compression, tension, extr ision 
and hot and cold working. 
relationships between anisotropy and_ physical 


The establishment of 


properties such as hardness, tensile strength 
optical properties, and second-order transitions, js 


also a possibility. 
IV. Atomic and Molecular Paramagnetism 


We turn now to applications in which th 
paramagnetism of certain molecules or groups may 
be used for the elucidation of certain problems iy 
polymerization. First, however, we shall presen 
some general information on atomic and molecula: 
paramagnetism. 

The classical theory of Langevin develops « 
expression for paramagnetic susceptibility on th 
assumption that each atom is a small permanent 
magnet. These atomic tend to alin 
themselves with an applied field, but the alin 


In moder: 


magnets 


ment is resisted by thermal agitation. 
terminology we identify the atomic magnets with 
the magnetic moments produced by orbital an 
spin movements of the electrons. 

Langevin’s expression for the molar paramagn 
ism Is 


where ' is Avogadro’s number, u is the permanen! 
magnetic moment, & the Boltzmann constant, an 
T the absolute temperature. The corresponding 
quantum mechanical expression derived by Vai 
Vleck [7] is 

Xu= sp +Na, 
where 7 is the square of the low frequency part o! 
the magnetic moment vector, averaged over tim: 

and this average being itself average over t! 

appropriately weighte 
The quantity 


various normal states 
according to the Boltzmann factor 
@ is a combination of high frequency elements o! 
the magnetic moment, and of the diamagnet 
part of the susceptibility. 

In general, the paramagnetic moment consist> 
of a part derived from an orbital contribution an 
a part derived from a spin contribution. Th 


only major cases in which the orbital contributic 
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important is for isolated paramagnetic atoms 
and for rare earth ions. For those substances 
n which only the spin contribution is important 
the paramagnetism is approximately represented 
by 

Ng? 
Xu=s51m [4S(S-4 

~ Gee [45 1)), 
where S is the resultant spin moment, and 8 is the 
Bohr magneton, which is given by 
eh 


0.917 > 
p 4me outed 


10-” erg gauss™', 


where ¢ is the electronic charge, h is Planck’s con- 
stant, m is the mass of the electron, and ¢ is the 
velocity of light. 
The effective magnetic moment in such cases 
is given by 
Mess 2yS(8 ri), 


where S may be found from the spectral multi- 
plicity, or, if the number, n, of unpaired electrons 
is known, 

Mess = yn(n+2). 
Finally, the magnetic moment may be found 
experimentally from 


Mesp = 2.84 y xu’, 
or more accurately from 
p= 2.84 V Xa T+-A). 


These expressions are of great value in connection 
with studies of transition group ions, such as 
Fe’, Crt®, Nit*, and their respective complexes. 
However, for all but a very few cases of paramag- 
netism in molecules there is only one unpaired 
electron, and the “spin only’? formula applies. 
Furthermore, in almost all such cases the quantity 
A is not far from zero. Hence, for paramagnetic 
molecules such as triphenylmethyl, we find that 
the molar paramagnetic susceptibility at 20° C 
is about 1,270><107°, and that this varies inversely 
as the absolute temperature. 

Among paramagnetic molecules of interest we 
may mention NO, NO», ClOs, the triarylmethyls, 
semiquinones, and metal ketyls. All these sub- 
stances are characterized by having an odd num- 
ber of electrons. The existence of an unpaired 
electron is essential for paramagnetism. Molecular 


, 
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oxygen is paramagnetic, although it contains an 


even number of electrons. The paramagnetism 
in this case results from the peculiar electronic 
state in which two electrons remain unpaired. A 
similar situation exists in a few complex organic 
compounds related to the Chichibabin hydro- 
carbons. Such substances are called biradicals. 

It will be clear from the above that a major 
application of magnetochemistry is in the detec- 
tion and estimation of molecules containing an 
unpaired electron spin, that is to say, of free 
radicals. 


V. Free Radicals 


There have been many magnetochemical studies 
of free radicals reported in the past 10 years, 
during which this has become the leading physical 
method in free-radical chemistry. The general 
nature of the results obtainable will be surveyed 
briefly [2, 19]. 

Inasmuch as the most characteristic property 
of a free radical is its unpaired electron, the mag- 
netic susceptibility is a most direct measure of 
free radical existence. Whereas molecular weights, 
colors, and chemical reactivity may depend upon 
secondary factors, it is difficult to see how a 
molecule that does not contain a transition group 
element can be paramagnetic unless it is a free 
radical. We choose to define a free radical as a 
chemical entity, neutral or ionic, which contains 
one or more unpaired electrons, transition ele- 
ments being, of course, excluded. 

In this way the free radical nature has been 
established for such substances as diary] nitric 
oxide, Fremy’s salt, a great variety of hexaaryle- 
thanes, the hydrazyls, semiquincnes, Wurster’s 
salts, the metal ketyls, certain diaryl peroxides, 
diary] disulfides, and of certain materials in the 
phosphorescent state. On the other hand, certain 
organometallic compounds of which hexaphenyl- 
dilead is an example, have been shown to be 
diamagnetic, although molecular weight deter- 
minations seem to indicate dissociation to the 
free radical form. 

The magnetic method has a further advantage 
in its flexibility. Measurements may conveniently 
be made on free radicals in solution at various 
temperatures and concentrations, and in various 
solvents. The importance of this type of measure- 
ment lies in the possibility of obtaining equilibrium 
temperatures, and thus 


constants at several 
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opening the way for calculations of heats of disso- 
A consider- 
able number of hexaarylethanes have been studied 
in this way with a view to finding the effect of 
different substituents on the heats of dissociation. 
Such data are of interest in connection with the 


ciation, free energies, and entropies. 


resonance theory of free radical stability. 

Other information obtainable from magnetic 
measurements on hexaarylethanes includes the 
rate and activation energy of the disproportiona- 
tion reaction undergone by some free radicals, the 
relationships between color and free radical con- 
centration, and rate studies on certain photo- 
chemical reactions shown by these substances. 
One of the most valuable features of the magnetic 
method is the possibility of studying, in situ, 
reactions as they take place, provided the con- 
centration of a paramagnetic component changes 
with time, as is the case with free radical reactions 
(21, 22). 

It should be mentioned that the magnetic 
method is not infallible. Short-lived radicals 
cannot be studied with the magnet unless the 
steady state concentration is sufficiently high. 
With the most refined apparatus a free radical 
concentration of 10-° mole per liter might be 
just detectable. 
reported in the literature in which the substance 
appears to be a biradical but is diamagnetic. This 
is the simple Chichibabin hydrocarbon, to deriv- 
atives of which reference was made above. The 
simple hydrocarbon catalyze the 
ortho-para hydrogen conversion, which is evidence 
of a paramagnetic component, but the compound 
shows no trace of paramagnetism as measured 
in the usual way [23]. 


Furthermore, there is one case 


appears to 


VI. Magnetic Measurements on Reacting 
Systems 


As applied to reacting systems, magnetic sus- 
ceptibilities have been used as described above 
to study the rate of disproportionation of hexaar- 
ylethanes [24]. The transitory existence of semi- 
quinone free radicals has been demonstrated 
magnetically by Michaelis [25], who studied 
the concentration of these substances as a function 
of time, and in some cases by a process that 
might be called “‘magnetic titration,” that is, 
the change of susceptibility during the quanti- 
tative addition of an oxidizing or reducing agent. 
A typical example of a reaction that may be 
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studied in situ magnetically is the slow re: vetioy 
of dichromate with glucose in dilute sc lution 
ry’ ° 4 i 

rhis reaction produces a large calculable hang» 
of susceptibility owing to the change from thp 


practically nonmagnetic dichromate ion (o the 
strongly paramagnetic chromic ion. No change 


of phase complicates this reaction, which has 
been used to calibrate the very sensitive magneti 
balance described below. 

The possibility of studying reacting systems 
in situ has suggested the use of magnetic measure- 
ments in polymerization reactions. The infor. 
mation obtainable in this way would appear to 
be of two kinds. First, it would certainly be 
possible to detect very small concentrations of 
molecular oxygen and to estimate their changes 
with time. And second, the free radical theory 
of polymerization suggests the attractive possi- 
bility of obtaining quantitative information on 
free radical concentration during polymerization 

The magnetic study of reactions such as thes 
requires a degree of sensitivity far beyond that 
normally obtainable with the classical Gouy bal- 
An apparatus using the Gouy principle 
but with several refinements leading to greatly in- 
creased sensitivity, will be described (fig. 6). This 


ance. 
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THERMOREGULATOR 
Figure 6. Horizontal Gouy balance. 
uses a horizontal, rather than a vertical, mounting 
of the sample tube. The horizontal mounting has 
actually been used for many years, and has re- 
cently been adopted by Theorell and by Calvin 
for high sensitivity measurements. 

The sample tube is suspended horizontally 
from long delicate fibers. One end of the tube ts 
between the poles of a magnet. A_ permanen! 
magnet has a great advantage in that the field is 
quite steady over long periods of time. This 188 
condition very difficult to attain with an electro- 
magnet. The substance under investigation 
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placed in the sample tube, which then moves 
horizontally as the susceptibility increases or de- 
vpeases With time as the reaction proceeds. The 
whole apparatus is, of course, mounted so as to 
reduce the effects of vibration and of drafts to a 
minimum. 

Displacements of the sample tube are observed 
for approximate readings with the aid of a microm- 
eter microscope focussed on a fiduciary point. 
Refined Measurements are made with a Fabry 
and Perot type of interferometer, one plate of which 
is mounted on the end of the sample tube. With 
this apparatus the sensitivity is such that 10~° 
mole of free radicals may just be detected [26]. 

Some of the results obtained with this apparatus 


are shown in figure 7. These results are for the 
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FicurE 7. Changes of diamagnetic susceptibility during 
polymerization of styrene. 
Thermal polymerization of styrene. , Stock room styrene, vacuum 
stilled (+ degassed); 0, styrene prepared from cinnamic acid, and A, de- 


thermal polymerization of styrene. It will be 
noted that the magnetic susceptibility suffers 
relatively large changes during the first few hours 
of reaction. Under the experimental conditions 
this corresponds to a few percent of polymerization. 
lhe changes in susceptibility generally take the 
form of a large increase in diamagnetism followed 
by a much slower increase. The changes are 
markedly influenced by the purity of the styrene 
and the method of handling the monomer prior 
to its introduction into the apparatus. 

The initial increase of diamagnetism is often 
much greater than would be found for complete 
polymerization. This ‘anomalous’ diamagnetic 
increase is believed to be due to the consumption of 
dissolved molecular oxygen. The inhibiting action 
of oxygen on vinyl polymerization is well known. 
Assuming that no normal polymerization takes 
place during the induction period (a small amount 
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of polymerization would have a negligible effect on 
the susceptibility), then the displacement of the 
sample tube from zero time to the time at which 
the curve levels out, approximately represents the 
initial concentration of oxygen present. For 
curve 1, figure 7, the initial concentration of 
oxygen thus found is 2.9 10~* mole per liter, and 
this concentration steadily falls. At 2 hours the 
concentration is 0.99 10~* mole per liter. 

The rate of oxygen consumption is shown by 
these results to be zero order. Reasonably con- 
cordant results are obtained on different samples 
of styrene, although the initial oxygen concentra- 
tion may be quite different. 

These results may be used to calculate the rate 
constant for initiation. If the initiation process 
is represented as forming a biradical, oxygen re- 
acts with these free radicals very rapidly. 

CoHs 


CoHs CeHs 


2CH—CH——~—CH;-CH—CH;-CH— 


CeHs CeHs 
—CH:;—C H—CH;—-CH—+ 0:——> 
CoHs CH: 
4 
HC CH—CoHs 
i 
H.C oO 
CY 
oO 


Such a process is represented by the equations 
ky 
J} -——+K 


k, 
R-+ 0.—— RO, 


where 7? is a free radical and represents the con- 
centration of free radicals in the kinetic equations 
and .M is the monomer and its concentration. 


o_o 
pf Me k{OJR (1) 
dO.) 7: ‘ 
_— dt =kfO|R. (2) 


Since the rate of consumption of oxygen is experi- 
mentally zero order, it follows that eq 1 is the 
rate-determining step. That is, the free radicals 
are consumed as rapidly as they are formed owing 
to the rapid action of the oxygen. A steady state 
is therefore reached, free radicals being used up 
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at the same rate at which they are formed and 


dR/dt—0, therefore 
5 dQ, 
k,M?— KJO,} an 
and 
d{Q,] 1 
k, dt M? 


d{Q,|/dt may be found from the rate of oxygen 
loss, and is equal in one of the runs to 2.8% 107° 
mole per liter per second, and MM (for pure styrene 
monomer) is 8.56 moles per liter. 

Hence 


k,=2.8X 10~* & 1/(8.56)? 
3.8X10~-" mole per liter per sec. 


Bartlett [27} 
gives a rate constant for initiation in the photo- 


This figure is not unreasonable. 
polymerization of vinyl acetate (which should be 
much higher than for thermal polymerization at 
66° C) as ~3& 107°. 

The above results are preliminary and are given 
to indicate the probable direction of magneto- 
chemical research on polymerization rather than 
with the idea of presenting a completed program. 

If vinyl polymerization actually goes through 
a free radical mechanism there is presented the 
attractive possibility of determining the free radi- 
cal concentration by magnetic measurements on 
reacting systems. There have been some reports 
in which this possibility is claimed to have been 
estimates of 


realized [28] However, the best 


free radical concentrations give values of the 
order of 10 
are made indirectly and are possibly subject to 


Nevertheless, opinion at the 


moles per liter. These estimates 
fairly large error. 
present time is that the sensitivity of the best 
magnetic balances is still several orders from the 
detection of free radicals in this way. It may be 
that an appropriate choice of reacting system 
would yield much 
higher than that normally believed to be present. 


free radical concentration 


But it must be admitted that such a possibility 
seems to be somewhat remote 
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